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2 Mechanics-I1

| E®} Basic Maths

The following formulae are frequently used in Physics. So,
advised to remember them first.

(a) Logarithms
(i) e~2.7183
(iii) If10" = y,thenx=1log,, y
) iog (ab)=log (a)+ log (b)
(vii) log a" =nlog (a)
(b) Trigonometry
(i) sin? B +cos? B=1
(iii) 1+cot? 6 =cosec? @

(v) c0s20=2cos? -1=1-2sin2 0 =cos? O —sin>

(vi) sin (4 £ B)=sin 4 cos B +cos A sin B
(vii) cos (A4 + B)=cos A cos B Fsin A sin B

(viii) sin C +sin D =2sin [C‘”DJcos(C;D)

(ix) sin C —sin D =2sin (C —D)cos[C;D]
c

2
(x)cosC+cosD=2cosC+Dcos ;D
(xi) cos C —cos D =2sin D—Csin LsD

2tan 6
xii) tan 20 =———
() 1-tan? @

(xiv) sin (90°+ 0)=cos 0
(xvi) tan (90°+6)=—cot 6
(xviii) cos (90°-0)=sin 0

(xx) sin (180°-06)=sin 6
(xxii) tan (180°-60)=—tan @
(xxiv) cos (180°+ 0)=-cos 0
(xxvi) sin (—6)=-sin 0

(xxviii) tan (—-0)=—tan 0

(c) Differentiation
(i) % (constant) =0

(iii) % (log, x)ordix (In x)=;'

v) % (cos x)=—-sin x

(xxiii) sin (180° + 0)=

the students who have just gone in class XI are

(i) If e = y,thenx=log, y=Iny

(iv) log,o y=04343log, y= 0.43431n y

(vi) log (-ZJ =log (a)—log (b)

(ii) 1+tan? B =sec’ O
(iv) sin 20 =2sin O cos 6
0

(xiii) tan (4 iB)=w—
1+ tan 4 tan B

(xy) cos (90°+ 0)=—sin 0

(xyxi) sin (90° - ) =cos

(xns) tan (90°-0)=cot

(xxi) cos (180°-0)=—cos

—sin

(xxv) tan (180° + 0)=tan 0

(xxvii) cos (=0)=cos 6

) £ (") < et
syod o
(iv) ; (sin x) =cog x

o d
(vi) o (tan x) =sec?
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. d 2 R |
—(cot x)=— viil) — (sec x)=sec x tan x
(vii) dx( ot x)=—cosec? x (viii) dx( )

(ix) %(cosec x) =—cosec x cot x (x) %(ex )=e"
. d
)2 (7 (x)-fz(x)}=f.(x)§x £, )+ fz(x)% £ @)
d d
¢ ) PO GEAR DS

(xii) —

dx f,(x) (L)
(xiii) %f(axﬁ— b)=a%f(X),whereX=ax+b

(d) Integration

n+l

0 [x"dx=>—+c (nz-1) i) [Z=log, x+c or Inx+c
n+l x
(iii) Isinxdx=—cosx+c (iv) Icosxdx=sinx+c
) je"dx:e" +c (vi) Iseczxdx=tanx+c
(vii) Icosecz xdx=-cotx+c (viii) Isecxtanxdx:secx+c

(ix) Icosec xcot xdx=-cosecx+c
(®) [flax+b)de=1 | fX) X, where X =ax+ b
a
Here, c is constant of integration.

"(e) Graphs
Following graphs and their corresponding equations are frequently used in Physics.
(i) y=mx,represents a straight line passing through origin. Here, m = tan 0 is also called the slope of
line, where 0 is the angle which the line makes with positive x-axis, when drawn in anticlockwise
direction from the positive x-axis towards the line.

y y

0] (i)
Fig. 1.1

The two possible cases are shown in Fig. 1.1. In Fig. 1.1 (i), 8 <90°. Therefore, tan 0 or
slope of line is positive. In Fig. 1.1 (ii), 90° <6 <180°. Therefore, tan 6 or slope of line is
negative.

Note Thaty = mxory « x also means that value of y becomes 2 times if x is doubled. Or it will remain % thif
x becomes 7 times.
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. cin. Here, m is the slope of line as
(i) y=mx+ c, represents a straight line not passing through origin. H

discussed above and c¢ the intercept on y-axis.
y

\ 4
P N

X A¢ x
7 ] T~ Cc= Ve I%
(i)

U} (if)
Fig. 1.2

In figure (i) : slope and intercept both are positive.

In figure (ii) : slope is negative but intercept is positive and

In figure (iii) : slope is positive but intercept is negative.
Note That in y = mx + c,y does not become two times if x is doubled.

(iii) yoc J ory e etc., represents a rectangular hyperbola in first and third quadrants. The shape of
X X

rectangular hyperbola is shown in Fig. 1.3(i).
y

.
N -

U}

y

(i)
Fig. 1.3
From the figure and from the graph we can see that y — 0as x — o or x — O0as y — oo,
Similarly, y=- = represents a rectangular hyperbola in second and fourth quadrants as shown in
Fig. 1.3(ii).
Note That in case of rectangular hyperbola if x is doubled y will become half.

(iv) y« x? or y=2x2, etc., represents a parabola passing through ori

y gin as shown in Fig. 1.4(3).

y
y«x?

9 (i)
Fig. 1.4
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Note That in the parabola y = 2x* or y « X%, if x is doubled, y will become four times.
Graph x « y? or x=4y? is again a parabola passing through origin as shown in Fig 1.4 (ii). In this
case if y is doubled, x will become four times.
v) y=x?+4orx= y? —6will represent a parabola but not passing through origin. In the first equation
(»=x7 +4),if x is doubled, y will not become four times.
Vi) y=4e™; represents exponentially decreasing graph. Value of y decreases exponentially from 4
to 0. The graph is shown in Fig. 1.5.
y

Fig. 1.5

From the glaph and the equation, we can see that y=4 atx=0and y — 0as x — .
(vii) y=A(1-e ™), represents an exponentially increasing graph. Value of y increases exponentially
from 0 to 4. The graph is shown in Fig. 1.6.

At

Fig. 1.6
From the graph and the equation we can see that y = 0at x = 0 and y—>Adasx— o,

() Maxima and Minima
Suppose yis a function of x. Or y = f(x).
Then we can draw a graph between x and y. Let the graph is as shown in Fig. 1.7.

T~
o

Then from the graph we can see that at maximum or minimum value of y slope (or gj—( ) to the graph is

zero. Thus,
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o 0  at maximum or minimum value of y.
“ 2

; od7y
Jue of y is maximum if —=
By putting % =0 we will get different values of x. At these values of x, va b4 zdxz
, ody.
. : imi is minimum if —= ig
(double differentiation of y with respect to x) is negative at this value of x. Similarly y i
positive. Thus,
2
) = —ve for maximum value of y
)
d2
and —ZX = +ve for minimum value of y
dx

d’y .
Note That at constant value of y also g;v—‘ =0 but in this case sz}—’ is zero.

Sample Example 1.1 Differentiate the following functions with respect to x
@ x> +5x% -2 () xsinx (0 (x+3° (@ -—-i: (€) &+
sin x

i d d d d
Solut =3 2 _2)=2 (4? L )y-L 2
olution (a) dx(x +5x° =2) dx(x )+5dx(x ) dx()
=3x% +5(2x)-0
=3x% +10x
(b) %(xsinx)=xg;(sinx)+sinx.%(x)

=xcos x +sin x (1)
=XCOS X +5in x

- %(2,,”)6:2%()()6, where X =2x+3
=2{(6X°}=12x°
=12(2x + 3)°
. d
(L]__-smxd—x(x)-x%(sinx)

sin x

(C)

A
% (sin x)?

_ (sin x)(1) - x (cos x)
-
Sinzx

_sin x—xcos x
—_——
sin? x
d d
(4 o) (SX+2)= a x
(e) = SdXe , Where X = 5x 4 2
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Sample Example 1.2 Integrate the following functions with respect to x
@ [(5* +3x-2)a&x  (B) I(4sinx-3]dx (©) ji @ [(6x+2) ax
: x 4x+5

Solution (a) I(sz+3x—2)a§c=5]x2dx+3jx¢br—2jdx
3 2
=SX_+3X__2x+C
3 2
() I(4sinx—2)dx=4“'sinxdx—2jé
x x
=-4cosx—-2Inx+c¢
() I & 1 ﬂ’ where X =4x+5
4x+5

1 1
=—InX+c¢c =—In(4x+5)+c
1 1=y ( )+ ¢

) f(@x+2) dx:% [X*ax, where X =6xr+2
4 4
=l iY._ +Cl =M+cz
6|l 4 2

Sample Example 1.3 Draw straight lines corresponding to following equations
(@ y=2x () y=-6x (¢) y=4x+2 (d) y=6x-4

Solution (a) In y=2x,slope is 2 and intercept is zero. Hence, the graph is as shown below :
y

tan 6 = slope =2

— X

Fig. 1.8

(b) In y=-6x,slope is — 6and intercept is zero. Hence, the graph is as shown below :
y

\‘ 0 tan6=-6

Fig. 1.9

1
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) . low :
(¢) In y=4x+2,slope is + 4 and intercept is 2. The graph is as showa, b8

Fig. 1.10

(d) In y=6x—4,slope is + 6 and intercept is — 4. Hence, the graph is as shown in Fig. 1.11.

y
tan 6 = 6
9 X

-4

Fig. 1.11

Sample Example 1.4 Find maximum or minimum values of the functions

(@ y=25x> +5-10x ®) y=9-(x-3)
Solution (a) For maximum and minimum value, we can put % =0
or Y o sec-10=0 - x=1
dx 5
2
Further, Y50
dxz

d*y s _1 . 1
or ? has positive value at x = g.Therefore, y has minimum value at x = re Substituting x = 1

in given
5 g
Y min =25(‘1)2+5*10 l =4
5 5/

(b) y=9-(x-3)2=9-x2 _g, ¢
or ¥y =6x—x?
dy

L
e 2

equation, we get

For minimum or maximum value of y we will substitute /4 =0
dx

or 6-2x=0
or x=3
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. d?
To check whether value of y is maximum or minimum at x = 3 we will have to check whether 2

Pl
positive or negative.
d'y =-2
dx*
d? y p
or —- is negative at x = 3. Hence, value of y is maximum. This maximum value of y is,
dx

Y max =9_(3_3)2 =9

| E®A significant Figures

Significant figures in the measured value of a physical quantity tell the number of digits in which we have

confidence. Larger the number of significant figures obtained in a measurement, greater is the accuracy of the
measurement.

“All accurately known di
figures.”

For example, when we measure the length of a straight line using a metre scale and it lies between 7.4 cm

and 7.5 cm, we may estimate it as / = 7.43 cm. This expression has three significant figures out of these 7 and 4
are precisely known but the last digit 3 is only approximately known.

Rules for counting significant figures
For counting significant figures, we use the following rules :
Rule 1. All non-zero digits are significant. For example x = 2567 has four significant figures.

Rule 2. The zeros appearing between two non-
6.028 has 4 significant figures.

gits in a measurement plus the first uncertain digit together from significant

zero digits are counted in significant figures. For example

Rule 3. The zeros occurring to the left of last non-zero digit are NOT sigﬁiﬂcant.
For example 0.0042 has two significant figures.

Rule 4. Inanumber without decimal, zeros to the right of non-zero digit are NOT significant. However when
some value is recorded on the basis of actual measurement the zeros to the right of non-zero digit
become significant. For example L=20m has two significant figures but x =200 has only one
significant figure.

Rule5. In a number with decimal, zeros to the right of last non-zero, digit are significant. For example
x =1.400 has four significant figures.

Rule 8. The powers of ten are NOT counted as significant digits. For example 1.4x 107 has only two

significant figures 1 and 4.

Rule 7. Change in the units of measurement of a quantity does not change the number of significant figures.

For example, suppose distance between two stations is 4067 m. It has four significant figures. The
same distance can be expressed as 4.067 km or 4.067 x 10°

cm In all these expressions, number of
significant figures continues to be four.
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Example: Table 1.1

Measured value Number of significant figures Rule
12376 5 1
6024.7 5 2
0.071 2 3
410m 3 4
720 2 4
2.40 3 5
1.6 x 10" 2 6
Rounding off a digit

Following are the rules for rounding off a measurement. )

Rule 1. If the number lying to the right of cut off digit is less than 5, then the cut off digit is retained as such.
However if it is more than 5, then the cut off digit is increased by 1.

For example x = 6.24 is rounded off to 6.2to two significant digits and x = 5.3281s rounded off to 5.33
to three significant digits.

Rule 2.  If the digit to be dropped is 5 followed by digits other than zero then the preceding digit is increased
by 1.

F)(,)r example x =14.252 is rounded off to x = 14.3 to three significant digits.

Rule 3. Ifthe digit to be dropped is simply 5 or 5 followed by zeros, then the preceding digit it left unchanged
if it is even. For example x = 6.250 or x = 6.25 becomes x = 6.2 after rounding off to two significant
digits.

Rule 4. If the digit to be dropped is 5 or 5 followed by zeros, then the preceding digit is raised by one if it is
odd.

For example x =6.350 or x = 6.35 becomes x = 6.4 after rounding off to two significant digits.
Example: Table 1.2

Measured value | me's'i':::"‘i'::ﬁt O(f"i:?tsthree s
7.364 5 7.36 |
8.3251 ! 8.33 i 5
9.445 i 9.44 | 5
9.4450 | 9.44 ! 3
15.75 | 15.8 | :

15.7500 | 15.8 | )

Algebraic operations with significant figures

In addition, subtraction, multiplication or division inaccuracy in the measurement of iable
affects the accuracy of the final result. Hence, in general, the final result shall han o 'anyfone v?n e
corresponding to their number in the least accurate variable involyed. To understand ‘t:- S;%nl icant |%ul; .
chain of which all links are strong except the one. The chain wil] obviously break at th 1s, let us consi em
strength of the chain cannot be more than the strength of the weak € weakest link. Thus, the

. ; est link in the chaj ;
a greater accuracy in our result than was obtained originally in our measurememsm. Hence, we do not imply
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(i) Addition and subtraction

Suppose in the measured values to be added or subtracted the least number of significant digits after the
decimal is #. Then in the sum or difference also, the number of significant digits after the decimal should be n.

Example : 1.2+3.45+6.789=11.439~11.4

Here, the least number of significant digits after the decimal is one. Hence, the result will be 11.4 (when
rounded off to smallest number of decimal places).

Example : 12.63-10.2=2.43=2.4
(i) Multiplication or division

Suppose in the measured values to be multiplied or divided the least number of significant digits be ».
Then in the product or quotient, the number of significant digits should also be ».

Example : 1.2x 36.72=44.064 ~ 44

The least number of significant digits in the measured values are two. Hence, the result when rounded off
to two significant digits become 44. Therefore, the answer is 44.

-1
Example : 1100ms™ _, 478431373 ~108

10.2ms™!

Note In this case answer becomes 108. Think why?

| E%E] Error Analysis

No measurement is perfect, as the errors involved in a measurement cannot be removed completely.
Measured value is always somewhat different from the true value. The difference is called an error.

Errors can be classified in two ways. First classification is based on the cause of error. Systematic error
and random errors fall in this group. Second classification is based on the magnitude of error. Absolute error,
mean absolute error and relative (or fractional) error lie on this group. Now, let us discuss them separately.

(i) Systematic errors
These are the errors whose causes are known to us. Such errors can therefore be minimised. Following are
few causes of these errors :
(a) Instrumental errors may be due to erroneous instruments. These errors can be reduced by using more
accurate instruments and applying zero correction, when required.
(b) Sometimes errors arise on account of ignoring certain facts. For example in measuring time period of
simple pendulum error may creap because no consideration is taken of air resistance. These errors can
be reduced by applying proper corrections to the formula used.

(c) Change in temperature, pressure, humidity, etc., may also sometimes cause errors in the result.
Relevant corrections can be made to minimise their effects.

(ii) Random errors

The causes of random errors are not known. Hence, it is not possible to remove them completely. These
errors may arise due to a variety of reasons. For example the reading of a sensitive beam balance may change
by the vibrations caused in the building due to persons moving in the laboratory or vehicles running nearby.
The random errors can be minimised by repeating the observation a large number of times and taking the

arithmetic mean of all the observations. The mean value would be very close to the most accurate reading.
Thus,

_q +a; +...+a,
Amean =

n
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(iii) Absolute errors ity is called an absolute erro
The difference between the true value and the measured value of a quantity 1 i
Usually the mean value a,, is taken as the true value. So, if
WL/l i
m n
Then by definition, absolute errors in the measured values of the quantity are,
Aa, =a, —a
Aay =a,, —a;

Absolute error may be positive or negative.
(iv) Mean absolute error

Arithmetic mean of the magnitudes of absolute errors in all the measurements is called the mean absolute
error. Thus,

A _|Aai|+|Agy|+... +]Aa,|

lean
m n

The final result of measurement can be written as,
a=a, tAa,,.,
This implies that value of a is likely to lie between a, +Aa,,, anda, —Aa
Relative or fractional error

mean *

The ratio of mean absolute error to the mean value of the qQuantity measured is called relative or fractional
error. Thus,

§ Aa
Relative error = —“mean_

an

Relative error expressed in percentage is called as the percentage error, i. e, ,

Percentage error = Aaﬂ x 100
& :

m

Sample Example 1.5 The diameter of a wire as measured by screw ggq,
V/2.628 and 2.626 cm. Calculate: gauge was found to be 2.620, 2.625.

(a) mean value of diameter. (b) absolute error jn each measuremeny
(c) mean absolute error. (d) fractional error ‘
(e) percentage error. )

Express the result in terms of percentuge error.
Solution (a) Mean value of diameter

_ 2.620+2.625 + 2.630+ 2.628+ 2 626
: ]
S
=2.6258cm
=2.626cm
(rounding off to three decimal places)
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(b) Taking a,, as the true value, the absolute errors in different observations are,
Aa; =2.626— 2.620=+ 0.006cm
Aa, =2.626-2.625=+0.001cm
Aay =2.626—2.630=- 0.004 cm
Aa, =2.626—2.628=- 0.002cm
Aas =2.626— 2.626=0.000cm
(c) Mean absolute error,

|Aa, |+ |Aa, |+ |Aay |+ |Aa,| + |Aas |

5
_0.006+ 0.001+ 0.004 + 0.002 + 0.000
5

Aa =

mean

=0.0026=0.003
(rounding off to three decimal places)

Aa,,.. +0.003
a,  2.626

(e) Percentage error =+ 0.001x 100=+ 0.1%
(f) Diameter of wire can be written as,

d=2.626%0.1%

(d) Fractional error =+ =% 0.001

Combination of Errors
(i) Errors in sum or difference
Letx=azxb

Further, let Aais the absolute error in the measurement of a, Ab the absolute error in the measurement of b
and Ax is the absolute error in the measurement of x.

Then, x+Ax=(atAa)+ (bt Ab)
=(axb)t(xAatAb)
=x=* (£ Aat Ab)
or Ax=%+Aat Ab
The four possible values of Ax are (Aa — Ab), (Aa + Ab), (~Aa — Ab)and (-~Aa + Ab).
Therefore, the maximum absolute error in x is,
Ax =1 (Aa+ Ab)

i.e.,the maximum absolute error in sum and difference of two quantities is equal to sum of the absolute errors
in the individual quantities.

ple Example 1.6 The volumes of two bodies are measured to be v, =(102% 0.02)cm® and
V, =(6.4+ 0.01)cm’. Calculate sum and difference in volumes with error limits.

Solution ¥, =(10.2£ 0.02)cm’
and V, =(6.4%0.01)cm’
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AV =+ (AV, + AV,)

=+ (0.02+0.01)cm’
=+0.03cm’
V, +V, =(102+ 6.4)cm® =16.6cm’
and V, -V, =(10.2— 6.4)cm® =3.8cm’

Hence, sum of volumes = (16.6 + 0.03)cm’

and difference of volumes = (3.8 + 0.03) cm®

(ii) Errorsin a product

Letx=ab
Then, (xt Ax)=(a+ Aa) (bt Ab)
or x(uf)wb(uf)(u‘\—b)
x a b
or 1¢£=1¢_A_bi£i£.A_b
X b a a b
or 305 g 80 Ab ¢ NI AD
x a b a b
Aa ; ;
Here, =% is a small quantity, so can be neglected. Hence,
sAx_ fa b
x a b
Aa A

Possible values ofE are (ﬂ +A—bJ,(é€—A—b],[- _b)and(_ﬂ _A_b)
a b b )

a b

Hence, maximum possible value of

x a b

Therefore, maximum fractional error in product of two
errors in the individual quantities.

(iii) Errors in division

Let x=

Then, xtAx=

ox x(lig)z“(‘*%

: () oty

(as x =ab)

(or more) quantities is equal to sum of fractional
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b
As > < <1, so expanding binomially, we get

(2 2)(+%)

or 1i§=li£¥A—bi£-A—b
x a b a b
Aa Ab . :
Here, -7 is small quantity, so can be neglected. Therefore,
X a b
Possible values of o are (E —A—b) , (E + éﬁ) , (— Ad —A—b) and (—
x a b a b a b
maximum value of
Ax (Aa Ab)
— —_— —
x a b

Maths & Measurement 15

_A_a + —Aé} Therefore, the
a b

or, the maximum value of fractional error in division of two quantities is equal to the sum of fractional errors

in the individual quantities.

(iv) Error in quantity raised to some power

Let xX= 9_
bm
Then, In (x)=nln (a)-mln (b)
Differentiating both sides, we get
dx da db
—_=pn—-m—
x a b
In terms of fractional error we may write,
Ax Aa .  Ab
t—=tn—+m—
x a b
Therefore, maximum value of
Ax ( Aa )
—=t|ln—+m—
x a

S e Example 1.7 The mass and density of a solid sphere are measured to be (124 0.1)kg and

4.6+ 0.2)kg/m’. Calculate the volume of the sphere with error limits.

Solution Here, m+ Am=(12.4+0.1)kg

and ptAp=(46+02) kg/m’
Volume y=m_124 _560m’=27m’
p 46

(rounding off to one decimal place)

AV Am  Ap
Now, 7=t[-,,7+7]
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or AV:i[A—m+£JxV

m o p

| 2L +E)x 27=+0.14
124 46

VAV =(2.740.14)m’

\/&l‘ﬁle Example 1.8 Calculate percentage error in determination of time period of a pendulum,

T=2n\/—7—
g

where | and g are measured with + 1% and + 2% errors.

Solution A—Tx100=i -lx—lx100+-]xégx100
T 2 1 2

g
1 1
=t[-x1+-x2|=+1.5%
2 2

| XY Length Measuring Instruments

Length is an elementary physical quantity. The device generally used in everyday life for
measurement of the length is a metre scale. It can be used for measurement of length with an accuracy of
1 mm. So, the least count of a metre scale is | mm. To measure length accurately upto (1/10)th or

(ﬁ ) th of a millimetre, the following instruments are used.

(1) Vermnier callipers (2) Micrometer (3) Screw gauge.

(1) Vernier Callipers

It has three parts.
(i) Main scale: It consists of a steel metallic strip M, graduated in cm and mm at one edge.
It carries two fixed jaws 4 and C as shown in figure.

Main Scale

5 6 7 8 9 10 M g——y

Fig. 1.12

(ii) Vernler scale: Vernier scale ¥ slides on metallic strip M. It can be fixed i iti
i : ] scale p M. It can be fixed in any position by screw S.
The side of lhl? vernier scale wl?xch' slide over the mm sides has ten divisions over a length of 9 mmy, Band D
two movable jaws are fixed with it. When vernier scale is pushed towards 4 and C, then B touches 4 and
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straight side of C will touch straight side of D. In this position, if the instrument is free from error, zeros of
vernier scale will coincide with zeros of main scales. To measure the external diameter of an object it is held
between the jaws 4 and B, while the straight edges of C and D are used for measuring the internal diameter of a
hollow object.

(iii) Metallic strip : There is a thin metallic strip E attached to the back side of M and connected with
vernier scale. When jaws 4 and B touch each other, the edge of E touches the edge of M. When the jaws 4 and
B are separated E moves outwards. This strip E is used for measuring the depth of a vessel.

Principle (Theory)

In the common form, the divisions on the vernier scale V are smaller in size than the smallest division on
the main scale M, but in some special cases the size of the vernier division may be larger than the main scale
division.

Let n vernier scale divisions (V.S.D.) coincide with (n — 1) main scale divisions (M.S.D.). Then,

nV.S8.D.=(n-1)M.S.D.

or lV.S.D.=(n——l)M.S.D.
n

1M.S.D. - 1v.s.D.=1M.s.D.-(”—"IJM.S.D;—l M.S.D.
n n

The difference between the values of one main scale division and one vernier scale division is known as

Vernier constant (V.C.) or the Least count (L.C.). This is the smallest distance that can be accurately
measured with the vernier scale. Thus,

V.C.=L.C.=IM.S.D.-1V.S.D. =(-1) TR T AL SO G T SCAE

n

Number of divisions on vernier scale

In the ordinary vernier callipers one main scale division be 1 mm and 10 vernier scale divisions coincide
with 9 main scale divisions.
9

1 V.S.D. =]—0 M.S.D.=0.9 mm
V.C.=1M.S.D.-1V.S.D.=1 mm-0.9 mm
=0.lmm= 0.01 cm

Reading a vernier callipers
If we have to measure a length 4B, the end 4 is coincided with the zero of main scale, suppose the end B
lies between 1.0 cm and 1.1 cm on the main scale. Then,
1.0cm< 4B <l.lcm

M 3

0 1 2
lIIIIIIllllllllIlllllllllllllllll
lllllllll|

A B %
Fig. 1.13

Let 5th division of vernier scale coincides with 1.5 cm of main scale.
Then, AB=1.0+5x V.C.=(1.0+ 5% 0.01) cm=1.05 cm
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Thus, we can make the following formula,
Total reading =N +nx* V.C.
of the zero of the vernier scale.
coincides with any of the main scale division.
cidoes has no connection with

Here, N = main scale reading before on the left

n = number of vernicr division which just

Note That the main scalo roading with which the vornlor scalo divislon coin
roading.

Zero error and zero correction _ ndth
If the zero of the vernier scale does not coincide with the zero of main scale when jaw B touches A and the

straight edge of D touches the straight edge of C, then the instrument has an error called zero error. Zero error

is always algebraically subtracted from measured length. ) Zer
Zero correction has a magnitude equal (o zero error but its sign is opposite to that of the zero error. Zero

correction is always algebraically added to measured length.
Zero error —> algebraically subtracted
Zero correction — algebraically added

Positive and negative zero error
If zero of vernier scale lies to the right of the main scale the zero error is positive and if it lies to the left of
the main scale the zero error is negative (when jaws 4 and B are in contact).
Positive zeroerror=(N +xx V.C.)
Here, N = main scale reading on the left of zero of vernier scale.

x = vernier scale division which coincides with any main scale division.
When the vernier zero lics before the main scale zero the error is said to be negative zero error. If S5th
vernier scale division coincides with the main scale division, then

Negative zero error =— [0.00 cm+ 5x V.C. ]
=-[0.00cm + 5x 0.01¢cm]

=-0.05cm

0 1 2 3 0 1
l‘lllgllll#llllllllrl““l““l“lll““I“ “”l'fllllllllllllllll

0 5 10 0 5 10

(A) Positive zero error (B) Negative zero error
Fig. 1.14 Positive and negative zero error
Summary
) V.C.=L.C.= IM.S.D. - __Smallest division on main scale

n Number of divisions on vernier scale
=IM.S.D.-1V,S.D.
(2) In ordinary vernier callipers, 1. M.S.D. = mm andn=10

V.C.or L.C.=-l]T)mm=0.Olcm

(3) Total reading=(N + nx V.C)
(4) Zero correction = - zero error

(5) Zero error is algebraically subtracted while the zero correction is algebraically added
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(6) Ifzero of vernier scale lies to the right of zero of main scale the error is positive. The actual length in
this case is less than observed length.

(7) If zero of vernier scale lies to the left of zero of main scale the error is negative and the actual length
is more than the observed length.

(8) Positive zero error=(N +xx V.C.)

)ﬂlple Example 1.9 N-divisions on the main scale of a vernier callipers coincide with N + 1divisions on

the vernier scale. If each division on the main scale is of a units, determine the least count of the instrument.
(1T JEE 2003)

Solution (N + 1)divisions on the vernier scale = N divisions on main scale

1 division on vernier scale = divisions on main scale

+1
Each division on the main scale is of a units.

1 division on vernier scale =[ N J a units =4’ (say)
+

Least count = 1 main scale division — 1 vernier scale division

=a~-d=a- y a=-2
N +1 N +1

Sample Example 1.10 In the diagram shown in figure, find theé magnitude and nature of zero error.

\/ 0 O.SM 1
IIIII[IIII

0 5 Vo 0
Fig. 1.15
Solution Here, zero of vernier scale lies to the right of zero of main scale, hence, it has positive zero error.
Further, N=0,x=5 L.C. or V.C.=0.01 cm
Hence, Zeroerror=N +xx V.C.
=0+ 5x0.01
=0.05cm

Zero correction =—0.05cm
.. Actual length will be 0.05 cm less than the measured length.

(2) Principle of a Micrometer Screw

The least count of vernier callipers ordinarily available in the laboratory is 0.0 lcm. When lengths are to be
measured with greater accuracy, say upto 0.001cm, screw gauge and spherometer are used which are based on
the principle of micrometer screw discussed below.
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4 —

Fig. 1.16

If an accurately cut single threaded screw is rotated in a closely fitted nut, then in addition to the circular
motion of the screw there is a linear motion of the screw head in the forward or backward direction, along the
axis of the screw. The linear distance moved by the screw, when it is given one complete rotation is called the
pitch (p) of the screw. This is equal to the distance between two consecutive threads as measured along the
axis of the screw. In most of the cases it is either 1 mm or 0.5 mm. A circular cap is fixed on one eqd of the
screw and the circumference of the cap is normally divided into 100 or 50 equal parts. If it is divided into 100

equal parts, then the screw moves forward or backward by l—;—o(or ;l(—)) of the pitch, if the circular scale (we
will discuss later about circular scale) is rotated through one circular scale division. It is the minimum distance
which can be accurately measured and so called the least count (L.C.) of the screw.

Pitch
Number of divisions on circular scale

Thus, Least count=

If pitch is 1 mm and there are 100 divisions on circular scale then,
L.C. =1%‘ =0.01mm =0.001cm=10pm
Since, L.C. is of the order of 10 pm, the screw is called micrometer screw.

(3) Screw Gauge

Screw gauge works on the principle of micrometer screw. It consists of a U-shaped metal frame M. At one
end of it is fixed a small metal piece A. It is called stud and it has a plane face. The other end N of M carries a
cylindrical hub H. It is graduated in millimetres and half millimetre depending upon the pitch of the screw.
This scale is called linear scale or pitch scale.

Circular (Head)
Scale

sE K
0

aB. S B H

Linear (Pitch)
Scale

Fig. 1.17
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A nut is threaded through the hub and the frame N. Through the nut moves a screw S. The front face B of
the screw, facing the plane face 4 is also plane. A hollow cylindrical cap K is capable of rotating over the hub
when screw is rotated. As the cap is rotated the screw either moves in or out. The surface £ of the cap K is
divided into 50 or 100 equal parts. It is called the circular scale or head scale. In an accurately adjusted
instrument when the faces 4 and B are just touching each other. Zero of circular scale should coincide with
zero of linear scale.

To measure diameter of a given wire using a screw gauge

If with the wire between plane faces 4 and B, the edge of the cap lies ahead of Nth division of linear scale,
and nrth division of circular scale lies over reference line.

Then, Total reading=N + nx L.C.

Wire

B S N B = F

K 5

"

"' R
M

Fig. 1.18
Zero error and zero correction

If zero mark of circular scale does not coincide with the zero of the pitch scale when the faces 4 and B are
Just touching each other, the instrument is said to possess zero error. If the zero of the circular scale advances
beyond the reference line the zero error is negative and zero correction is positive. If it is left behind the
reference line the zero is positive and zero correction is megative. For example if zero of circular scale
advances beyond the reference line by 5 divisions, zero correction =+ 5x (L.C. ) and if the zero of circular
scale is left behind the reference line by 4 divisions, zero correction = -4 x (L.C. )

Circular scale Circular scale
0ES %‘
= 45
0 | =]
Reference Line Reference Line
(A) Positive zero error (B) Negative zero error
Fig. 1.19

Back lash error

When the sense of rotation of the screw is suddenly changed, the screw head may rotate, but the screw
itself may not move forward or backwards. Thus, the scale reading may change even by the actual movement
of the screw. This is known as back lash error. This error is due to loose fitting of the screw. This arises due to
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wear and tear of the threadings due to prolonged use of the screw. To reduce this error the screw must always
be rotated in the same direction for a particular set of observations.

Sample Example 1.11 The pitch of a screw gauge is 1 mm and there are 100 divisions on Ci.ntu{ar scale.
When faces A and Bare just touching each without putting anything between the studs 32nd division of the
circular scale coincides with the reference line. When a glass plate is placed between the studs, the linear
scale reads 4 divisions and the circular scale reads 16 divisions. Find the thickness of the glass plate. Zero of
linear scale is not hidden from circular scale when A and B touches each other.

Pitch
Number of divisions on circular scale

1
=—mm

Solution Least count L.C. =

=0.01mm
As zero is not hidden from cricular scale when 4 and B touches each other. Hence, the screw gauge
has positive error.
e=+n(L.C.)=32x0.01=0.32mm
Linear scale reading =4 x (Imm)=4 mm
Circular scale reading =16 (0.01mm)=0.16 mm
Measured reading = (4 + 0.16) mm =4.16 mm
Absolute reading = Measured reading — e
=(4.16— 0.32) mm = 3.84 mm

Therefore, thickness of the glass plate is 3.84 mm.

Sample Example 1.12 The smallest division on main scale of a vernier callipers is 1 mm and 10 vernier
divisions coincide with 9 scale divisions. While measuring the length of a line, the zero mark of the vernier
scale lies between 10.2 cm and 10.3 cm and the third division of vernier scale coincide with a main scale
division.

(a) Determine the least count of the callipers.

(b) Find the length of the line.

Solution (3) Least count (L.C.) = Smallest d.lV.lS.lon on main scale
Number of divisions on vernier scale

1
=—mm=0.1

T mm
=0.0lcm

(b) L=N +n(L.C)=(10.2+3x 0.01)cm
=10.23cm

Sample Example 1.13 The pitch of a screw gauge is | mm and there are 100 divisions on the circular

scale. In measuring the diameter of a sphere there are six divisions on the linear scale and forty divisions on
circular scale coincides with the reference line. Find the diameter of the sphere

: 1
Solution LG i
100 0l mm
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Linear scale reading = 6 (pitch) = 6 mm
Circular scale reading =7 (L.C.)=40x 0.01=0.4 mm
Total reading = (6 + 0.4) = 6.4 mm

Extra Points [}

Least count : The minimum measurement that can be measured accurately by an instrument is called the
least count. The least count of a meter scale graduated in milimetre mark is 1 mm. The least count of a
watch having second’s hand is 1 second.

Least count of vernier callipers

= {Value of 1 part of main scale(s)} - {Value of one part of vernier scale (V)}
or  Least count of vernier callipers = 1 MSD - 1 VSD
where, MSD = Main scale division

VSD = Vernier scale division
Value of 1 part of main scale (s)

Number of parts on vernier scale (n)
Pitch (p)
Number of parts on circular scale (n)

Least count=

Least count of screw gauge=
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Solved Examples

Example 1 Least count of a vernier callipers is 0.01 cm. When the two jaws of the instrument ’O".Ch each
other the 5th division of the vernier scale coincide with a main scale division and the zero of {he Vermer _C‘Qle
lies to the lefi of the zero of the main scale. Furthermore while measuring the dlanfeter of a :the’ % the =70
mark of the vernier scale lies between 2.4 cm and 2.5 cm and the 6th vernier division coincides with a main

scale division. Calculate the diameter of the sphere.
Solution  The instrument has a negative error,
e=(-5x0.01)cm
or e=-0.05cm
Measured reading = (2.4 + 6x 0.01)=2.46cm
True reading = Measured reading — e
=2.46— (- 0.05)
=2.51cm
Therefore, diameter of the sphere is 2.51 cm.

Example 2  The pitch of a screw gauge is | mm and there are 100 divisions on its circular scale. When
nothing is put in between its jaws, the zero of the circular scale lies 6 divisions below the reference line. When
a wire is placed between the jaws, 2 linear scale divisions are clearly visible while 62 divisions on circular
scale coincide with the reference line. Determine the diameter of the wire.

g p 1mm
ution LC.===——=0.0lmm
Sol N 100

The instrument has a positive zero error,
e=+n(L.C.)=+(6x0.01)=+ 0.06 mm
Linear scale reading =2x (1mm)=2 mm
Circular scale reading = 62x (0.0l mm) = 0.62 mm
Measured reading =2 + 0.62=2.62 mm
True reading =2.62 - 0.06
=2.56mm

or

Example 3 Write down the number of significant figures in the Jollowing
(a) 6428 (b) 62.00 m (c) 0.00628 cm (d) 1200 N

Solution (a) 6428 has four significant figures.
(b) 62.00 m has four significant figures.
(c) 0.00628 cm has three significant figures.

(d) 1200 N has four significant figures.

Example 4 Round off to four significant figures:
(a) 45.689 (b) 2.0082

Solution (a) 45.69, (b) 2.008
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Example 5  4dd 6.75x 10° cmto 4.52x 10* cmwith regard 1o significant figures,

Solution a=6.75x 10" ¢cm
b=4.52x10% cm
=0.452x 10’ cm

=0.45x 10 cm (upto 2 places of decimal)
a+b=(6.75x10° +0.45x 10° )em
=7.20x 10° ¢m

Example 6 A thin wire has a length of 21.7 cm and radius 0.46 mm. Calculate the volume of the wire to
correct significant figures.

Solution Given: /=21.7cm, r=0.46 mm =0.046cm.

Volume of wire ¥ = nr?/
=2—72 (0.046)* (21.7)
=0.1443cm® =0.14cm’

Note The result is rounded off to least number of significant figures in the given measurements i.e., 2
(in 0.46 mm).

Example 7 The refractive index (n) of glass is found to have the values 1.49, 1.50, 1.52, 1.54 and 1.48.
Calculate:

(a) the mean value of refractive index.

(b) absolute error in each measurement.

(c) mean absolute error.

(d) fractional error and

(e) percentage error.

Solution (a) Mean value of refractive index,
_1.49+ 1.50+1.52+1.54 +1.48

i 5
=1.506=1.51 (rounded off to two decimal places)
(b) Taking »,, as the true value, the absolute errors in different observations are,
An; =1.51-1.49=+0.02
An,y =1.51-1.50=+0.01
Any =1.51-1.52=-0.01
Any =1.51-1.54=-10.03
Ang =1.51-1.48=+0.03

(c) Mean absolute error,
|Any |+ |Any |+ [Any |+ | Ang| + |Ang|
mean = 5

0.02+0.01+0.01+ 0.03 + 0.03
5

=(.02
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02
(d) Fractional error = .2 Anpean _ 20
P 1.51
(e) Percentage error = (+ 0.0132x 100)=+ 1.32%

Example 8 The radius of sphere is measured to be (2.1% 0.5)cm. Calculate its surface area with error
limits.

Solution  Surface area, S =4m? = (4)[272] (2.1
=55.44=55.4cm>
Further, ﬁ =2- o
S r
5% 55.4
or AS =2 ﬂ (S):w
- 2.1
=26.38=26.4cm>

S =(55.4+26.4)cm*?

Example 9 Calculate focal length of a spherical mirror from the following observations. Object distance
u = (50.1 0.5) cmand image distance v = (20.1£ 0.2)cm.

Solution 1

L
f v u
or f= uy =(50'1)(20'1)=14.3cm
u+v (50.1+20.1)
lio: A—f=i M+H+Au+Av
f u v u+v

{0.5 02 05+02
=t —t— =
50.1 20.1 50.1+20.1

=[0.00998 + 0.00995 + 0.00997]
=1(0.0299)
Af =0.0299x 14.3=0.428 =04 cm
f=(143104)cm



E XERCISES

Section-I

Single Correct Option

1.

10.

Percentage error in the measurement of mass and speed are 2% and 3% respectively. The error in the
estimate of kinetic energy obtained by measuring mass and speed will be

(a) 12% (b) 10% ,(c) 8% (d) 2%

The density of a cube is measured by measuring its mass and length of its sides. If the maximum €erTor in
the measurement of mass and length are 4% and 3% respectively, the maximum error in the
measurement of density will be _

@) 7% (b) 9% (c) 12% @ 13%

A force F is applied on a square plate of side L If the percentage error in the determination of Lis 2% and
that in F is 4%. What is the permissible error in pressure?

(a) 8% - (b) 6% (c) 4% d) 2%

By what percentage should the pressure of a given mass of gas be increased, so as to decrease its volume
by 10% at a constant temperature?

(a) 11.1% (b) 10.1% (c) 9.1% (d) 8.1%

If the error in the measurement of the momentum of a particle is (+ 100%) Then, the error in the

measurement of kinetic energy is

(a) 400% (b) 300% (c) 100% (d) 200%
The number of significant figures in 3400 is

(@ 7 (b) 6 (c) 12 ) 2

The length and breadth of a metal sheet are 3.1 24 m and 3.002 m respectively. The area of this sheet
upto correct significant figure is

(a) 9.378 m? (b) 9.37m> (c) 9.378248 m? (d) 9.3782m"

Let g be the acceleration due to gravity at earth’s surface and X the rotational kinetic energy of the earth.
Suppose the earth’s radius decreases by 2%. Keeping all other quantities constant, then

(a) g increases by 2% and K increases by 2% (b) g increases by 4% and K increases by 4%
(c) g decreases by 4% and K decreases by 2% (d) g decreases by 2% and K decreases by 4%
The heat generated in a circuit is dependent upon the resistance, current and time for which the current is
flown. If the error in measuring the above are 1%, 2% and 1% respectively. The maximum error in
measuring the heat is

(a) 8% (b) 6% (c) 18% (d) 12%

The length, breadth and thickness of a block are given by /=12cm, b=6cm and 7 = 2.45cm.

The volume of the block according to the idea of significant ﬁgurejs should be
(a) 1x 102 cm? (b) 2x 102 cm? (c) 1.763 x10° em? (d) None of these
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] uld be the eff
11. If separation between screen and point source is increased by 2%. What wo effect on the

intensity? d 9
@ intcyreases by 4% (b) increasesby 2%  (c) decreases by 2%  (d) decreases by 4%
12. The significant figures in the number 6.0023 are @ 1
@) 2 (®) S @4 : )
13. If error in measurement of radius of a sphere is 1%, what will be the error in measurement of volume?
0,
@ 1% (b) %% (c) 3% (d) 10%

. 2 .
14. The volume of a cube in m* is equal to the surface area of the 3c:ube in m*. The volume (3>f the cube is
(a) 64m? (b) 216 m? (c) 512m (d) 196 m
15. The length of a simple pendulum is about 100 cm known to l'1ave7 an acc;uracy of 1 mm. Its penoc.l of
oscillation is 2 s determined by measuring the time for 100 oscillations using a clock of 0.1 s resolution.

What is the accuracy in the determined value of g? .
(a) 0.2% (b) 0.5% (c) 0.1% (d) 2%

-t
16. Charge on the capacitor is given by Q = Jae®"*", where o and B are constants. 7 = time, / = current,

AV = potential difference. Then dimensions of E is same as the dimensions of
(v}

1 1
b N d
(@ s (®) oy (c) yequg (d

Ho€o

17. A physical quantity 4 is dependent on other four physical quantities p, g, » and s as givenby g = ,p?.
res
The percentage error of measurement in p, ¢, » and s are 1%, 3%, 0.5% and 0.33% respectively, then the
maximum percentrage error in A4 is
(@) 2% (b) 0% (c) 4% (d) 3%

18. The distance moved by the screw of a screw gauge is 2 mm in fo
its cap. When nothing is put between its jaws, 30th division o
line, with zero of circular scale lying above the reference line, When a plate is placed between the jaws
main scale reads 2 divisions and circular scale reads 20 divisions. Thickness of plate is o

(a) 0.9mm (b) 1.2 mm (¢) 1.4 mm (d) 1.5 mm

More than One Correct Options
’ ab’ .
1. Given,x= i If the percentage errors in g, b and ¢ are 1 1%,

ur rotations and there are 50 divisions on
f circular scale coincides with reference

+13%and + 2%, respectively.
(a) The percentage error in x can be +13% b ' ;
(c) The percentage error in x can be +18% ¥ percentu, CTTOF inx can be £7%

(d) The percentage error i
- n x can be +19%
Assertion and Reason °

Directions :  Choose the correct option,
(a) If both Assertion and Reason are true
and the Reason |
1# bt Ararit Is correct explanayi jon.
) If s r.tnm and Reason are trye but Reason is not the cory ey o i ASS&"".“'
(c) If Assertion is true, but the Reason is false éct explanation of Assertion.

(d) If Assertion is false but the Reason s trye,



CHAPTER 1  Basic Maths & Measurement 29

1. Assertion: A screw gauge having a smaller value of pitch has greater accuracy.

Reason : The least count of screw gauge is directly proportional to the number of divisions on circular
scale.

Match the Columns
1. Match the following two columns.

Column-I Column-II
(@) GM.M, () [M’LT]
(b) 3RT (@ [ML'T?)
M
(c) F? (n [L’T?)
o7
(d) GM, (s) None
R,
Section-11
Subjective Questions
Trigonometry
1. Find the value of
(a) cos120° (b) sin240° (c) tan (- 60°) (d) cot 300°
(e) tan 330° (f) cos (—60°) (g) sin (—150°) (h) cos (-=120°)
2. Find the value of
(a) sec20—tan’ 9 (b) cosec? 6 —cot? 0 -1
(c) 2sin 45°cos 15° (d) 2sin15°cos 45°
Calculus
3. Differentiate the following functions with respect to x
(@) x* +3x? -2x (b) x2 cos x (c) (6x+7)* (d) ex’
(e) (l;xx)

e
4. Integrate the following functions with respect to ¢

@ 1(3’2_2') dt  (b) j(4cost+tz)dt (c) I(Zt—4)‘4 dt (d) I(&dil)

5. Integrate the following functions
2 3, 0dx
@) | 2 ar b dx — d dx
Lz (b) f/651nx (c) E ~ (d) [:COSX
@ [@-4ar

Find maximum/minimum value of y in the functions given below

@) y=5-(x-1)? (b) y=4x?-4x+7

) y=x*-3x (d) y=x3—6x2 +9x +15
(e) y=(sin2x —x), where _%t <xsl
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Graphs
7. Draw the graphs corresponding to the equations
(@) y=dx (b) y=-6x
(c) y=x+4 (d) y=-2x+4
(€) y=2x-4 () y=-4x-6 ious
8. For the graphs given below, write down their x- equati y
¥ I/ \y' 135°
o X
45 3 ’\%__»x 2
/’ (d)

10.
11.
12.

(a) (b)

For the equations given below, tell the nature of graphs. a5
(@) y=2x (b) y=-4x+6  (¢) y=6e
2

(&) y=2 () y=-=
X X

Value of y decreases exponentially from y=10to y = 6. Plot a x-y graph.

(d) y=4(-€™)

Value of y increases exponentially from y=-4to y =+ 4.Plotax-y graph.
The graph shown in figure is exponential. Write down the equation corresponding to the graph.

b4

4

4

8 ................

Significant Figures

14.

15.

16.
17.

Write down the number of significant figures in the following,

(a) 6428 (b) 62.00 m (c) 0.0628 cm
Round off to four significant figures, (d.) 129N
(a) 45.689 (b) 2.0082

3 2 i
Add 6.75x 10° cmand 4.52x 10? cm with due regards to significant figures

A thin wire has length of 21.7 cm and radius 0,

46 “ale & . i
significant figures. mm. Calculate the volume of the wire to correct
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18. A cube has a side of length 2.342 m. Find volume and surface area in correct significant figures.

19. Find density when a mass of 9.23 kg occupies a volume of 1.1m?. Take care of significant figures.

20. Length, breadth and thickness of a rectangular slab are 4.234 m, 1.005 m and 2.01 cm respectively. Find

) surface area and volume to correct significant figures.
21. Solve with due regards to significant figures
(4.0x107 -2.5x 107)

Error Analysis

22. The refractive index (n) of glass is found to have the values 1.49, 1.50, 1.52, 1.54 and 1.48. Calculate
(a) the mean value of refractive index (b) absolute error is each measurement
(c) fractional error and (d) percentage error

23. The radius of a sphere is measured to be (2.1+ 0.5)cm. Calculate its surface area with error limits.

24. Calculate focal length of a spherical mirror from the following observations. Object distance
u=(50.1% 0.5)cm and image distance v =(20.1+ 0.2)cm.

2 .

25. Find the percentage error in specific resistance given by p = LI@ where 7 is the radius having value
(0.2+ 0.02)cm, R is the resistance of (60 + 2) ohm and /is the length of (150 + 0.1)cm.

26. A physical quantity p is related to four variables a, B,y and ) as

o a’p?
Jm
The percentage errors of measurements in a., B, y and 1) are 1%, 3%, 4% and 2% respectively. Find the
percentage error in p.
27. The period of oscillation of a simple pendulum is 7 = 2n ‘/Z Length L is about 10 cm and is known to
g
1 mm accuracy. The period of oscillation is about 0.5 s. The time of 100 oscillations is measured with
wristwatch of 1 s time period. What is accuracy in the determination of g.

Vernier Callipers and Screw Gauge ‘-

28. 19 divisions on the main scale of a vernier callipers coincide with 20 divisions on the vernier scale. If
each division on the main scale is of 1 cm, determine the least count of instrument.

29. The pitch of a screw guage is 1 mm and there are 100 divisions on the circular scale. While measuring the
diameter of a wire, the linear scale reads 1 mm and 47th division on the circular scale coincides with the
reference line. The length of the wire is 5.6 cm. Find the curved surface area (in cm? ) of the wire in
appropriate number of significant figures.

30.

The edge of a cube is measured using a vernier callipers. [9 divisions of the main scale is equal to
10 divisions of vernier scale and 1 main scale division is 1 mm]. The main scale division reading is
10 and 1 division of vernier scale was found to be coinciding with the main scale. The mass of the cube is
2.736 g. Calculate the density ing/cm® upto correct significant figures.
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A NSWERS .I

Section-I
Single Correct Option
7.(a) 8.(b)
i 2.d 3. 4.(a) 5.(0)  6.(d 18.(d
118 12.Eb; 13.8 14.(b) 15.(a) 16.(a) 17.(c) @

More than One Correct Options
1. (a,b)

Assertion and Reason
1. (c)
Match the Columns
1l (@a)-q (b)>r ©->r (@or
Section-II

Subjective Questions
NE}

1 @- ® -2 ©-3 @

2. (a1 (b)O (C)[

1 L wd el et
5 @-F 03 @-3 03
J3+1 J3-1
) o5
3. (a) 4x° + 6x-2 (b) 2xcosx - x2sinx (c) 24(6x + 7 (d) 5e*x* + e*x° (e) —xe™*
3

- t 1 1
4. @) t2-t2+C (b)45mt+§+C (c)—m;+c @ gh@t-H+C

5. (a) 4 (b)@ () In (5/2) (d) Zero (e) -1

6. (@) Ymax=5atx=1 (b) yin=6atx=1/2 (€) Ymin=-2atx=1and y,, =2atx=-1

V3
(d) Ymin=15at x=3and y, =19 atx=1 (e) ymin=_[_+ﬁ atx=-n/6and

276
ym=(§--g—]atx=n/6
7. y[ y y y

—

(c)

f

(e) ®

9.(b)  10.(b)

(@
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8 (a) y=x (b) y=-7"_3- © y=%+4 @ y=-x+2
(a) parabola passing through origin (b) parabola not passing through origin
(c) exponentially decreasing graph  (d) exponentially increasing graph
(e) Rectangular hyperbola in first and third quadrant
(f) Rectangular hyperbola in second and fourth quadrant

o
10. \ n ==

12. y =4+ 8¢ Here, K is a positive constant 13. y=-4+ 10 1 - e ™) Here, K is positive constant

14. (a) Four (b) Four (c) Three (d) Four 15. (a) 45.69 (b) 2.008 16. 7.20x 10°cm

17. 0.14cm®  18. Area= 5.485m?, volume=12.85m>  19. Density= 8.4 kg/m>

20. Area= 4.255 m?, volume=855m>  21. 4.0x 107 :

22. (a) 1.51 (b) + 0.02,+ 0.01,- 0.01,- 0.03,+ 0.03 (c) £ 0.0132 (d) + 1.32% 23. (55.4+26.4) cm?
24. (143+0.4)cm 25.234% 26.13% 27.5% 28.0.05cm 29.2.6cm? 30. 2.66 g/cnt

N
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| IEX} Units and Dimensions

To measure a physical quantity we need some standard unit of that quantity. The measurement of the
quantity is mentioned in two parts, the first part gives how many times of the standard unit an'd the second part
gives the name of the unit. Thus, suppose I say that length of this wire is 5 metres. The numeric part 5 says that
it is 5 times of the unit of length and the second part metre says that unit chosen here is metre.

Fundamental and Derived Quantities

There are a Jarge number of physical quantities and every quantity need.s a unit. . ‘
However, not all the quantities are independent. For example, if a unit of length is defined, a unit of

volume is automatically obtained. Thus, we can define a set of fundamental quantities and all otht?r quantities
may be expressed in terms of the fundamental quantities. Fundamental quantities are only seven in ‘nurr.\bers.
Unit of all other quantities can be expressed in terms of the units of these seven quantities by multiplication or
division.

Many different choices can be made for the fundamental quantities. For example, if we take length and
time as the fundamental quantities then speed is a derived quantity and if we take speed and time as

fundamental quantities then length is a derived quantity. )
Several system of units are in use over the world. The units defined for the fundamental quantities are

called fundamental units and those obtained for derived quantities are called the derived units.

SI Units

In 1971 General Conference on Weight and Measures held its meeting and decided a system of units
which is known as the International System of Units. It is abbreviated as SI from the French name Le Systeme
International & Unites. This system is widely used throughout the world. Table below gives the seven

fundamental quantities and their SI units.

Table 2.1 Fundamental quantities and their SI units.

S. No. Quantity SI Unit Symbol
1. |Length metre - m
2. |Mass kilogram kg
3. |Time second s
4.  |Electric current ampere A
5. |Thermodynamic temperature kelvin K
6. |Amount of substance mole mol
7. |Luminous intensity candela cd

Two supplgmentary units namely plane angle and solid angle are also defined. Their units are radian
(rad) and steradian (st) respectively.

(i) C6S Systel!l: In this sxstem, the units of length, mass and time are centimetre (cm), gram (g) and
second (s) respectively. The unit of force is dyne and that of work or energy is erg.

(ii) FPS System : In this system, the units of length, mass and i i of
force in this system is poundal. gh, and time are foot, pound and second. The unit o

Definitions of Some Important S| Units

(i) Metre: I1m=1,650,763.73 wavelengths in vacy ¥ i i X
! um, of radiation corres i -red light of
—— ponding to orange-red light ¢
(i) Second : 1s =9,192,631,770time periods of a particular radiation from Cesium-133 atom.
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(iii) Kilogram: 1 kg = mass of 1 litre volume of
water at 4°C.

(iv) Ampere : It is the current which when flows
through two infinitely long straight conductors of

SI Prefixes

The most commonly used prefixes are given
below in tabular form.

negligible cross-section placed at a distance of one Power of 10 Prefix ~  Symbol
metre in vacuum produces a fO!’CC Of 2X 10_7 N/m b ,M_._é... S s mega " {. i vM.A__A_._.-
between them. 3 kilo | k

(v) Kelvin: 1K =1/273.16  part of  the -2 centi ¢
thermodynamic temperature of triple point of water. -3 m.'h "

(vi) Mole: It is the amount of substance of a _g ;n;:o ﬁ
system which contains as many elementary particles _12 i
(atoms, molecules, ions etc.) as there are atoms in 12 g _ : .

of carbon-12.

< 1
(vii) Candela: It is luminous intensity in a perpendicular direction of a surface of( s

) m? of a black

body at the temperature of freezing platinum undér a pressure of 1.013x 10° N/m %

(viii) Radian : It is the plane angle between two radii of a circle which cut-off on the circumference, an arc
equal in length to the radius.

(ix) Steradian: The steradian is the solid angle which having its vertex at the centre of the sphere, cut-off
an area of the surface of sphere equal to that of a square with sides of length equal to the radius of the sphere.
Dimensions

Dimensions of a physical quantity are the powers to which the fundamental quantities must be raised to
represent the given physical quantity.

mass mass
For example, density = =
o volume  (length)®
or density = (mass) (length)‘3 ...()

Thus, the dimensions of density are 1 in mass and — 3in length. The dimensions of all other fundamental
quantities are zero.

For convenience, the fundamental quantities are represented by one letter symbols. Generally mass is
denoted by M, length by L, time by 7 and electric current by A.

The thermodynamic temperature, the amount of substance and the luminous intensity are denoted by the
symbols of their units K, mol and cd respectively. The physical quantity that is expressed in terms of the base
quantities is enclosed in square brackets.

Thus, Eq. (i) can be written as [density] =[ML7]

Such an expression for a physical quantity in terms of the fundamental quantities is called the dimensional
formula.

Here, it is worthnoting that constants such as 5, mor trigonometrical functions such as sin 6, cos 6, etc.,
have no units and dimensions.

[sin 8] =[cos 0] =[tan 8] =[log x]=[e* ]1=[M°L"T°)
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Table 2.2 Dimensional formulae and S! units of some physical quantities frequently used

!
|
|

in physics
S. No. Physical Quantity S| Units Dimensional Formula
I: Velocit_y; displacement/time m/s (M OLT—l]
2. |Acceleration = velocity/time m/s? M°LT?)
3. |Force = mass x acceleration kg-m/s’ = newton or N [MLT™]
4. |Work = force x displacement kg-m?s’® = N-m = joule or J [ML'T™]
5. |Energy = \) e J ML’T?]
6. |Torque = force xperpendicular distance N-m ML*T?] .
7. |Power = work/time J/s or watt [ML*T™]
8. |Momentum = mass x velocity kg-m/s [MLT™']
9. |Impulse = force x time N-s MLT™]
/@ Angle = arc/radius radian or rad M°L°T?)
@ [strain= % o % nouilis ML°T®]
12. |Stress = force/area N/m? [ML™'T?)
13. [Pressure = force/area N/m?2 = ML'T2]
14.  |Modulus of elasticity = stress/strain N/m? [ML™'T 2]
15. |Frequency = 1/time period per sec or hertz (Hz) M°L°T™)
16. | Angular velocity = angle/time rad/s MOL°T)
17. |Moment of inertia = (mass) x (distance)? kg-m2 [MLZT0 ]
18. |Surface tension = force/length N/m [ML'T?)
19. |Gravitational constant = % . }:‘_m _z/k_gz‘ M-IL3T2 ]
20. |Angular momentum = kg-m%s ; ) == [MLi'I:"'] ==
21. |Coefficient of viscosity N-s/m? ML)
22. |Planck’s constant J-s [MLzT“']
23. |[Specific heat (s) Jkg-K [l,z'l‘ 29"]
24. |Coefficient of thermal conductivity (K) watt/m-K MLT 0! ]
25. |Gas constant (R) J/mol-K ML*T29 "' mol ']
26. |Boltzmann constant (k) JIK [MLAT 29! |
27. |Wein’s constant (b) m-K (LO]
28. |Stefan’s constant (o) watt/m%.K 4 (MT04)
29. |Electric charge C (AT
30. |Electric intensity N/C [MLT 'A ')
31. |Electric potential volt MU 'A ')
32. |Capacitance farad (M 'LT'A%)
33. |Permittivity of free space CN'n-2 M LA
34. |Electric dipole moment C-m (LTA]

®

P

Ww

(M)
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38, |Resistance ohm [MLAT A
36.  [Magnetic field tesln (T) or webet/m? (Wb/m?) | [MT A 1
37, [Coefficient of self induction henry [MLATA)

Check Points [

¢ Astronomical unit o X-ray unit
1 AU =mean distance of earth from sun 1U=10" m
~1.5% 10" m I shake = 10™* s

* Lightyear I Bar=10° N/m? =10° Pa
I ly = distance travelled by light in

vacuum in | year * ltorr=1mm of Hg=133.3 Pa
= 946 x 10" m * Lbam= 10" m?
* Parsec * 1 horse power = 746 W

- 6 . _ :
1 Parsec =3.07x 10 m = 3.26 light year * 1 pound = 453.6 g = 0.4536 kg
Sample Example 2.1 Find the dimensional formulae of

(a) coefficient of viscosityn (b) charge q

(c) potential V . .(d) capacitance C and
(e) resistance R

Some of the equations containing these quantities are
Av
F=-nw4|—|, =lt, U=Vn,
n ( A l) q

q=CV and V=IR
Where A denotes the area, v the velocity, | is the length, I the electric current, t the time and U the
energy.

* Solution (a) n sl D

A Av
_LFI ML L) i

)= ) [L2)LT]
(b) q=1t o [ql=U]11]=[AT]

; _u =ﬂ=[ML2T_2] P
© U=Vit N o V=g T ML2T2A™
) q=CV N R TRy ML2T4A?)
©) V=IR R=;

] _[MLTPA™]

R
o RI=10 (A]

=[ML’T7A™?)
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Uses of Dimensions )
Theory of dimensions have following main uses: umerical valye .
(i) Conversion of units : This is based on the fact that the product of the n () and is
corresponding unit («)is a constant, i.e.,
n [u] =constant
or ny [uy]=ny [u;] ) ; in time. If th
Suppose the dimensions of a physical quantity are a in mass, b in lengfhncl " Dundamensa

respectively. Th
units in one system are M, , L, and 7, and in the other system are M3, L, and T, respe Y- then, we cap
write

b 5
m [M{ LT, 1=ny (M3 Ly T)°] (i)

Here, n) and n, are the numerical values in two system of unit§ re;pectivelyl;USlﬂfteE:- (i), we can convert
the numerical value of a physical quantity from one system of units into the other sy 2

11 2D 3
Sample Example 2.2 The value of gravitation constant is G = 6.67x 10 " N-m?/kg? in SI units. Convert
it into CGS system of units.

Solution  The dimensional formula of Gis[M~' L* T].
Using equation number (i), i.e.,
m M LT ) =n, M3 L3 T;7)

o T P T T2
ny =n; | — S I e
M2 LZ T2
Here, 7, =6.67x 107'!
My=1g=10"kg L =lm, L=lem=102m, 7, =7, =1s

M, =1kg,

Substituting in the above equation, we get

-] 3 -2
- lkg Im Is
n, =6.67x107" | —=_ (M | |1Is - 3
: [10‘3 kg} LO‘Zm:| [ls] o g e 1)

Thus, value of G in CGS system of units is 6.67x 108 dyne cm ?/g2,

qugtion : Every physical equation should be
omogeneity’. The dimensions of each term on both

an judge whether a given equation is correct or not
physically correct,

(ii) To check the dimensional correctness of a given physical e
dimensionally balanced. This is called the ‘Principle of H
sides of an equation must be the same. On this basis we ¢
But a dimensionally correct equation may or may not be

Solution Teon |

4

Dimensionally [T]= L

LT =T
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As in the above equation, the dimensions of both sides are same. The given formula is dimensionally
correct.

Principle of Homogeneity of Dimensions
This principle states that the dimensions of all the terms in a physical expression should be same. For
> < 2 1
example, in the physical expression s = uf + % at?, the dimensions of s, uf and -5 at* all are same,

Note The physical quantities separated by the symbols'+, -, =, >, <etc., have the same dimensions.

Sample Example 2.4 The velocity v of a particle depends upon the time t according to the equation

: c . 2 ;
v=a+bt+ P Write the dimensions of a, b, cand d.
+

Solution From principle of homogeneity

[a]l=[V]
or [a)=[LT™]
[bt]=[v]

b _[LT]
or [b]—[']— ]
or (6]=[LT?)

Similarly, [d]=[1]=[T]
[c] _
Further, m—["]
or [cl=[v][d +1]
. []=ILTI[T] or [c]=[L]

(iii) To establish the relation among various physical quantities : If we know the factors on which a given
physical quantity may depend, we can find a formula relating the quantity with those factors. Let us take an

example.

Sample Example 2.5 The frequency (f) of a stretched string depends upon the tension F (dimensions of
force), length | of the string and the mass per unit length p of string. Derive the formula for frequency.

Solution Suppose, that the frequency f depends on the tension raised to the power a, length raised to the
power b and mass per unit length raised to the power c. Then,
f<lF1 [ )
or f=k[F1 [ ) ()
Here, k is a dimensionless constant. Thus,

[N=[F1° (0" k]
°r [MCLOT™ ] =[MLT?)* [L]* (ML T°
or [MOLOT—I]=[Ma+cLu+b-cT-Za]
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; i be same.
For dimensional balance, the dimensions on both sides should

a+c=0 (ll)

s A ...(ii)

d —2a=-1 (IV)
an

Solving these three equations, we get |
a= —1 cC=—— and b == ]
2’ 2

Substituting these values in Eq. (i), we get .
= -1/2 _k |
S=RE)AT @) o =5 -

1
Experimentally, the value of k is found to be 9
Hence, f==|—

Limitations of Dimensional Analysis
The method of dimensions has the following limitations :
(1) By this method the value of dimensionless constant cannot be calculated.
(ii) By this method the equation containing trigonometrical, exponential and logarithmic terms cannot
be analysed.
(iii) If a physical quantity depends on more than three factors, then relation among them cannot be
established because we can have only three equations by equalising the powers of M, L and T.

|EXEX Vector and Scalar Quantities

addition, then and then only it is said to be a vector
velocity, acceleration, etc., are few examples of vect
should have a specified direction but it is not

Quantity. Displacement,
ors. Any vector quantity
a.sufﬁcient condition for a

parallelogram of vector addition. For example, in the

L figure shown h .
Current flowing in wire OC = current through 40 + cg:rrrent tl::guge}: ej‘:’o o
or i=i +i,
It would had been

222, .2
P=y"+0,° 49

11, cos ©
In case, the current would had been a vector quantity 2

|EXN General Points Rega

rding v
Vector Notation 9 eCtOl‘s

Usually a vector is represented by
-

; a bold capi
The magnitude of a vector T pital letter v

» D, €lc.
lcplcscnlcd by Aor I A ' N arrow over It, as
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Graphical Representation of a Vector

Graphically a vector is represented by an arrow drawn to a chosen scale,
parallel to the direction of the vector. The length and the direction of the arrow
thus represent the magnitude and the direction of the vector respectively.

'Y

Thus, the arrow in Fig. 2.2 represents a vector Ain xy-plane making an angle LTI
6 with x-axis.

Angle between two Vectors (0) Fig. 2.2

To find angle between two vectors both the vectors are drawn from a point in such a manner that

arrows of both the vectors are outwards from that point. Now, the smaller angle is called the angle
between two vectors.

B 2 g

120°

>

(a) (b)
Fig. 2.3

For example in Fig. 2.3 angle between A and B is 60° not 120°. Because in figure (a) they are wrongly
drawn while in figure (b) they are drawn as we desire.
Unit and Zero Vector

A vector of unit magnitude is called a unit vector and the notation for it in the direction of Ais Aread as ‘A
hat or 4 caret’.

- -
Thus, . A=4A e
A unit vector merely indicates a direction. Unit vector along x, y and z-directions are i, jand k.

A vector of zero magnitude is called a zero or a null vector. Its direction is arbitrary.

Negative of a Vector
Means a vector of same magnitude but opposite in direction.

— -—e
- —
A -A

Multiplication and Division of Vectors by Scalars

=9 4 = . . . .
The product of a vector A and a scalar m is a vector mA whose magnitude is m times the magnitude of A

and which is in the direction or opposite to A according as the scalar m is positive or negative. Thus,
-
|mA|=mA
Further, if m and » are two scalars, then
(m+n)X=mK +nA and m(nK):n(mK):(mn)x

3 R 1
The division of vector X by a non-zero scalar m is defined as the multiplication of K by —-
m
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Equality of Vectors

All vectors with the same magnitude and direction are equal despite their

different locations in space. Thus, if a vector is displaced parallel to itself; it
does not change.

>
@

0l

In Fig. 2.4, A, Band Care all equal, since they have the same magnitude e 24
and direction even though they are differently located in space. 8-

X} Addition and Subtraction of Two Vectors
Addition NN
() The Parallelogram law : Let K be the resultant of two vectors A and B.

-
According to parallelogram law of vector addmon the resultant R is the

diagonal of the parallelogram of which A and B are the adjacent sides as
shown in figure. Magnitude of R is given by

R-JA2+BZ+2ABcos9 (i) Fig. 25
Here, 6 =angle between A and B, The direction of R can be found by angle o or B of R with A or B.
Here, tan o =.M
A +Bcos 6
and P800 -..{ii)
B+ Acos @

Special cases
If 0=0°, R =maximum=4 + B
0=180°, R =minimum=4 ~B

andif  0=90°, R=y42+B?
In all other cases magnitude and direction of R can be calculated by using Eqs. (1) and (ii).

(ii) The Tnanzle Law : According to this law if the tail of one vector be placed at the head of the other, their
sum or resultant R is drawn from the tail end of the ﬁrst to the head end of the other.

As is evident from the ﬁgure that the resultant Ris the same irrespective of the o

rder in which the vectors
AandBaretaken Thus, R=A+ B-= B+ A
A
C /. -
7 ;" f ;a*
'y
Fig. 2.6
Subtraction
Negauve of a vector say ~ -Aisa vector of the same magmtude as ry
vector A but pointing in a direction opposite to that of A, 2
Fig. 2.7
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Thus, A - B can be written as A+ (—ﬁ) or A-Bis really the vector addition of Aand -B.

Suppose angle between two vectors Aand Bis 6. Then angle between A and - Bwill be 180 — 0as shown
in Fig. 2.8(b).

B 180 -6

>
|
w

(@)

Fig. 2.8

=2 o5 o .
Magnitude of S = A — B will be thus given by

S =|A-B|=y4? + B? + 24B cos (180 6)

or S =A% +B? ~24Bcos 0 )
For direction of S we will either calculate angle o or B, where,
——— Bsin (180-0) _ Bsin 6 ...(ii)
A+ Bcos (180-8) A4 -Bcos6
- tan p= Asin (180-0) _ Asin © i)
B+ Acos (180-6) B-Acos®

- - -
Note A —g or B — A can also be found by making triangles as shown in Fig. 2.9 (a) and (b).

B -
B B-R

A-B  Or

- -
@ A (b) A

Fig. 2.9
ple Example 2.6 FindA + Band & - Bin the diagram shown in figure. =
Given A =4 units and B = 3 units.
0 = 60° R
Fig. 2.10

Solution Addition : R=yA?+B% + 24Bcos

=16+ 9+ 2x 4x 3cos 60° = /37 units
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Bsin 0
A+ Bcos 6
_ 3sin 60°
" 4+ 3cos 60°

a=tan"' (0.472)=25.3° Fig. 2.11

tan o =

=0.472

-,
Thus, resultant of A and B is V37 units at angle 25.3° from A in the
direction shown in figure.

Subtraction : S =\/A2 +B%* -24Bcos 0
=/16+9-2x 4x 3cos 60°
=+/13 units

Bsin 0
A=Be0s Fig. 2.12
_ 3sin 60°
4 - 3cos 60°
a=tan"' (1.04) =46.1°

and tan a =

= =P =, . . .
Thus, A — Bis +/13 units at 46.1° from A in the direction shown in figure.

o

Polygon Law of Vector Addition for more than two
Vectors

This law states that if a vector polygon be drawn, placing the tail end of each
succeeding vector at the head or the arrow end of the preceding one their resultant B

A

Fig. 2.13

o}

l_l) is drawn from the tail end of the first to the head or the arrow end of the last.

— — - -
Thus, in the figure R =A + B+ C

IEX] Components of a Vector

Two or more vectors which, when compounded in accordance with the parallelogram law of vector Rare
said to be components of vector R. The most important components with which we are concerned are mutually

perpendicular or rectangular ones along the three co-ordinate axes ox, oy and oz respectively. Thus, a vector R
canbewnttenasR R, |+Ry.|+R k.

R, andR, areth Ri
Here, R, ,R, and R, are the components of Rin x, y and z-axes respectively and i, jand k are unit vectors

along these directions. The magnitude of R is given'by

; 2 (R
This vector R makes an angle of o =cog™! (Tx) with x-axis

(R
B=cos™' [Ty with y-axis
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and y=cos™' (%) with z-axis

Refer figure (a) . ' o
We have resolved a two dimensional vector (in xy plane) Rin mutually perpendicular directions xand y.

Component along x-axis =R, =R cos o or Rsin and component along y-axis =R, =R cos  or
Rsin a.

Ry
(b)

Fig. 2.14

Ifiand j be the unit vectors along x and y axes respectively, we can write
=2 ~ ~
R=R,i+R,j
Refer figure (b)

Vector R has been resolved in two axes x and y not perpendicular to each other. Applying sine law in the
triangle shown , we have

R R R

— X =—y
sin [180-(a+B)] sinp sina
or T Rsin B . Rsin a
sin (o +B) ?sin (a.+B)

Ifa+B=90°, R, =RsinBandR, =Rsin o

Saphle Example 2.7 Resolve a weight of 10 N in two directions which are

parallel and perpendicular to a
)pe inclined at 30° to the horizontal.

Solution Component perpendicular to the plane

W, =W cos 30° =(10)€=5\/§N

and Component parallel to the plane
W=10N
W, =W sin 30°=(10)(%)= 5N

Fig. 2.15

ple Example 2.8 Resolve horizontally and vertically a force F =8 N which makes an angle of 45° with
horizontal.

Solution Horizontal component of F is
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Fy =F cos 45°= (8)(7—‘) =42N

=h .
and vertical component of F is

=Fsin 45°_(8)(J_) 42N

Two vectors in the form of i, ] and k can be added, subtracted on multiplied by

Fig. 2.16
a scalar directly as done in the following example.
Sample Example 2.9 Obtain the magnitude of 2A-3B if
K=f+i—2ﬁ and §=2§—j+ k.
Solution 2A-3B=2( + j-2k)-3(2d -+ k)
=—4i+5j-7k
Magnitude of 2A-3B =/(~4)? + (5)2 + (=7)? =,/16+ 25 +49=+/90
|EEX3 Product of Two Vectors
The product of two vectors is of two kinds.
(i) ascalar or dot product.
(ii) a vector or a cross product.
Scalar or Dot Product
The scalar or dot product of two vectors A and B is denoted by A+B andi 1s read B
as A dot B.
It is defined as the product of the magnitudes of the two vectors A and B and the
cosine of their included angle 6 3
> 2 >
Thus, A+B=4Bcos 0 (a scalar quantity) A
Important Points Regarding Dot Product Fig. 2.17

The following pomts should be remembered regarding the dot product.
(i) A-B=B-A
(ii) A+(B+C)=AB+A.C
(iii) A*A=4>
-

. -
(iv) A*B= A(B cos 0)=4 (Component of B along A)

¢

or =B(Acos 0)=RB (Component of A along B)

3 -k =(I)1)cos 0° =1
(vi) iej=jok =ik =(1)(1)cos 90° =
b j+

(vii) (i + l“)'(‘72:'*172‘1:*"'—'z|‘() =@a; +bb, +¢ ¢
=2

v) --‘=3
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- -

(viii) cos 8= AA_.BB (cosine of angle between Aand ﬁ)
(ix) Two vectors are perpendicular if their dot product is zero. (6 =90°)

Sample Example 2.10 Work done by a force Fonabody is W=F.s, where s is the displacement of
body. Given that under a force F= (2§ + 3} +4k )N a body is displaced from position vector

r, =(2 + 3+ k) mto the position vector ;; =(i + j+ k) m. Find the work done by this force.

Solution The body is displaced from ?l to ?2 Therefore, displacement of the body is

-

S=n-1 =(i+j+k)-(2+3j+k)=(d -2j)m
Now, work done by the forceis W=Fos
=(2i + 3]+ 4K )« (- -2j)
=(2)(-D+()-2)=-8J

Sample Example 2.11  Find the angle between two vectors A =23 + j—-k and B=i-k

Solution A=|12] =J@?* + ) -1)* =6
B=|B|=y(1 + (-1 =V2

AB=(2 +j-Kk)(i-k)=(2)(1) + (-1)(=1)=3

Now, cosf=—r—=——=—=—

< Sample Example 2.12 Prove that the vectors ey, i 3} +kandB=1+ ] +kare mutually perpendicular.

- o

Solution AB=(2 -3j+Kk)s(i+j+k)
=(2)M)+ (S3)M)+ Y1)
=0=ABcos O
cos 0=0 ) (asA#0,B+0)
or 0 =90°

or the vectors A and B are mutually perpendicular.
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-
Vector or Cross Product o 2> 2
e R K B and read as A
The cross product of two vectors A and B is denoted by A x
cross B. It is defined as a third vector C whose magnitude is equal to the product of
the magnitudes of the two vectors A and B and the sine of their included angle 6. 6 -
A
Thus,if C=AxB, then C=ABsin 6. Fig. 2.18

The vector C is normal to the plane of Aand Band points in the direction in which a right handed screw
-
would advance when rotated about an axis perpendicular to the plane of the two vectors in the direction from A

- . i =2 o> >
to B through the smaller angle 6 between them or, alternatively, we might state C=AxB
the rule as :

sy
If the fingers of the right hand be curled in the direction in which vector A
must be turned through the smaller included angle 6 to coincide with the

. . . . = :
direction of vector B, the thumb points in the direction of C as shown in

. lzilil?er of these rules is referred to as the right handed screw rule. Thus, if & 0
be the unit vector in the direction of 6, we have N ;
6=Xx§=ABsin0ﬁ A_) g
where 0<0<n Plane of A and B
Important Points About Vector Product Fig.219

(i) AxB=—B x &
(i1) The cross product of two parallel vectors is zero,
vectors. Thus, i x f:ix :i=l? xk=0
(iii) If two vectors are perpendicular to each other, we have

aslxx §| = AB sin 6 and 0 = 0° for two parallel

i i
©=90°and therefore, sin 0 =1 So that Ax B = 4B &, The /' \ / '\
vectors A, B and A x B thus form a right handed system of A 'A 2 A

mutually perpendicular vectors. It follows at once from the K | k ]

above that in case of the orthogonal triad of unit vectors i, j ~— ~——

and k (each perpendicular to each other) Fig. 2.20
f X i =— ‘j X i

@iv) xx(§+é)=xx §+Kxa
(v) A vector product can be expressed in t

r erms of rectangular components of the two vectors and put in
the determinant form as may be seen

from the following:
Let x;a,i+bli+c,ﬁ

and §=02§+b23+c2|§
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Then, Ax B=(a 1+ 8+ QRN (@l + b+ k)
tdlcl:(i\ i)+u|bz(i\ i)+ ¢y (i\ g\’b h,u,(]\ i) + h.h_‘ d\ l)
+ 0 QN R Qay(Rx D by (Rx Dt ey (Rx R)
Since, ixi=jxj=KxKk=0 and ix =K, ete, we have
AxB= (hes = b))+ (qas @) ] + (b, - bay )k
Ot putting it in determinant form, we have

ik
AxB= a b
Qs b: (‘_\

-
It may be noted that the scalar components of the first vector A oc¢

cupy the middle row of the
determinant.

Sa mple 2.13 Find a unit vector perpendicular to A =21 + 3j+kandB =1 -J+ Kk both,
Solution  As we have read, C=A x B is & vector perpendicular to both A and B. Hence,

& unit vector i
. - — o .
perpendicular to A and B can be written as

- — -
. C AxB
n=E= - =
|Ax B|
i ]k
Here, XX§=2 31
1 -1 1
=E(3+1)+j(l-2)+12(—2-3)=4§-j-5ﬁ
Further, 1A x §|=J(4): +(=1)° +(=5)* =Ja2
The desired unit vector is:
i AxB or  A=—) (4i - j-5Kk)
= = — l—j—
IAxﬁl Ja

%214 &owﬂmﬂnmi:f—j-bﬁ( Lsparalleltoavector§=3‘i‘—3i+ﬂkc.

- - . =» .
Solution A vector A is parallel to an another vector B if it can be Written as

A=mB

Here, X=(i—i+2|i)=§(3i—3i+a2)
—)_ | -

or A=18

o o o - > =2
This implies that A is parallel to Band magnitude of A is % times the magnitude of B.
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Note

Two vectors can be shown parallel to one another if
(i) The coefficients of i, j and k of both the vectors bear a constant ratio. For example, a vecto
~ - ~ =¥ - - A
A= a,i + b, j + ¢,k is parallel to an another vector B = a,i + b, j + ¢,k if : - % e (1
a 2 C2
”
(i) The cross product of both the vectors is zero. For instance, A and B are parallel to each other if
i ok
- >
AxB =|q bl ¢ (=0
% b ¢

Sample Example 2.15 Ler a force ¥ be acting on a body free to rotate about a point O and let T the position
vector of any point P on the line of action of the force. Then torque (T )of this force about point O is defined as:

> 2> 2
T=rx
. — P A A S B ~
Given, F=(Q2i+3j-k)N and r=(i-j+6k)m
Find the torque of this force.
i j k
Solution T=rxF=[1 -1 6
2 3 -1

or

=i (1-18)+ j(12+ 1)+ k(3+2)

T=(-17i +13j + 5k )N-m

Extra Points [Jjij

Pressure, surface tension and current are not vectors.

To qualify as a vector, a physical quantity must not only possess magnitude and direction but must alse
satisfy the parallelogram law of vector addition. For instance, the finite rotation of a rigid body about ¢
given axis has magnitude (the angle of rotation) and also direction (the direction of the axis) but it is not?
vector quantity. This is so for the simple reason that the two finite rotations of the body do not add up it

accordance with the law of vector addition. However if the rotation be small or infinitesimal, it may b
regarded as a vector quantity. .

Area can behave either as a scalar or a vector and how it behaves depends on circumstances.

Moment of inertia is neither a vector nor a scalar as it has different values about different axes. It is tensor

Although tensor is a generalised term which is characterized by its rank. For example scalars are tensors ¢!
rank zero. Vectors are tensors of rank one.

Area (vector), dipole moment and current density are defined as vectors with specific direction,

Veclors assocxat_ed with a linear or directional effect are called polar vectors or, usually, simply as vector
and those associated with rotation about an axis are referred to as axial vectors. Thus force, linear velocil)
and acceleration area polar vectors and angular velocity, angular acceleration are axial vectors.
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= Examples of Dot-product and Examples of Cross-product

Examples of Dot-product Examples of Cross-product
T - - > 5 >
W =Fes t=rxF
- - - -5 -

P=Fey L=rxP
- — - - -
db, =E * ds V=OXr
- o - 25
dhp =B +ds 1,=PxE
- - - 5 -
U,=P+E 13=MxB
U,,=l\7['§ Fg=q(va)
- -
o Mo i(dlxr)
dB="— ———=
4n P

= Students are often confused over the direction of cross product. Let us discuss a sxmple method. To find
direction of A x B move from A to B through smaller angle. If it is clockwise then A x B is perpendicular to

the plane of A and Band away from you and if it is anti-clockwise then A x B is towards you perpendicular
to the plane of A and B.
= The area of triangle bounded by vectors A and B is % |K x ﬁl.

=5
B

—
= A
Fig. 2.21
Exercise : Prove the above result.
= Scalar triple product : A'(Bx C) is called scalar triple product. It is a scalar quantity. We can show that
A'(Bx C] (Ax B]'C B-(Cx A)

= The volume of a parallelopiped bounded by vectors ABandC can be obtained by (K x ﬁ)-é

® If three vectors are coplanar then the volume of the parallelopiped bounded by these three vectors should
be zero or we can say their scalar triple product should be zero.

" IfA= ai + aj+ q,ﬁ,§=b1i +b,j + byk and6=c,i +¢,) + 3k thenx-(ﬁxé]is also written as [A BC) and
it has the following value,

6 & 4
[ABC]=|b, b, b,
€y C2 G

-

= Volume of parallelopiped whose adjacent sides are along A.BandC.
® Properties of scalar triple product :
- = d =
(a) [ABC]=[BCA]=[CAB]
(b) [ABC)= -[BAC)

(c) If vectors are coplanar, then [X ﬁE]: 0
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Area of triangle ABC if position vector of A is a position vector of B is b
and position vector of C is ¢

1- 2 2 > =5 >
Area=E|axb+bxc+cxa|

Exercise : Prove the above relation. ’
o Fig. 2.22
Area of parallelogram shown in figure is, Area= |A x B|
Exercise : Prove the above relation.
If co-ordinates of point Aare(x,, y;, z,)and B are(x,, y,, 2,} Then, position vector of A
=_|-'A=($\’= xi+ yj+ z,ﬁ

5 - g ” n A

position vector of B=rp=0B= x,i + y,j + 2k
—_ — — o -
and AB=OB-0A= r;- r,
=(x - "1)a +(yz - Y1)?i +(z -2z)k

Suppose Aand B represent the two adjacent sides of a parallelogram
OPQR, then,

Diagonal OQ = |& + B| = /A? + B? + 2AB cos 8

while diagonal RP = |& - B| = {A* + B> - 2AB cos 6
We can see that OQ = RP when 6 = 90°.

Fig. 2.23
= 2+ b=abcos 6. Here, aand b are always positive as these are the magnitudes of 2 and b. Hence,
0°<6<90° *ifaebis positive
90°<0<180° ifa e bis negative.

and 0 = 90° if a * bis zero.
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Solved Examples

| Checkthe correctness of the relation s = ut + % at® \where uis initial velocity, athe acceleration,
t the time and s the displacement.

Solution Writing the dimensions of either side of the given equation.
LHS = s =displacement =[M°LT?)
RHS = ut = velocity x time =[M°LT™" | [T]=[M°LT"]

and 2 ar® = (acceleration)  (time)? =[M°LT=][T]? =[M°LT®]

As LHS =RHS, formula is dimensionally correct.

\/‘h 2 Write the dimensions of a and b in the relation,
pP= b-x’

at
where P is power, x is distance and t is time.

Solution The given equation can be written as, Par = b — x>
Now, (Par)=[b]=[x*] or [b]=[x*]=[M°L*T")
2 2
and [a] - [X ] - [L ]

e _*[MET"] = =[M™'LT?)

ﬁﬂl 3 The centripetal force F acting on a particle moving uniformly in a circle may depend upon
mass (m) , velocity (v) and radius (1) of the circle. Derive the formula Jor F using the method of

dimensions.
Solution Let F =k (m)* (v)* (r)°

...()
Here, k is a dimensionless constant of proportionality. Writing the dimensions of RHS and LHS in Eq. (1),
we have

[MLT)=[M)* [LT™' " [L]* =[M"L’* *T"]
Equation the powers of M, L and T of both sides, we have,
x=1, y=2 and y+z=1 or z=l-yp=-]
Putting the values in Eq. (i), we get

2
F=lkmvir™ = 2V

(where k =1)
=
Example 4 Discuss why an infinitesimal displacement is regarded as a vector quantity.

Solution Infinitesimal rotations may be regarded as vector quantity because the arc described by the body ina
small interval of time is more or less a straight line and is thus representable as a vector.



Note Insome of the books it is written that large angular displacement does not obey the law of commutation
(6,+ 6,2 6,+ 6)so they cannot be treated as vectors while infinitesimal do. So, they are vectors. As
per my opin;on the sufficient and necessary condition to be a vector is that is should obey the law of

i io onti ion i. ically satisfied. It can be
parallelogram of vector. If this is satisfied the law of commutthon is automaticall ; 1
explained and proved in a better way but that require three dimensional treatment. Which I feel is not
necessary for any competition.
- - X ISR .
Example 5 Find component of vector A + Balong (i) x-axis, (ii) C
= " 2> a4 4
Given A=i-2j, B=2i+3k and C=i+j.
Solution A+ B=(i —2j)+ (2 + 3k)=3i -2+ 3k
(i) Component of A+B along x-axis is 3.
- - o5 o -
(ii) Component of A + B=R (say) along Cis
ReC (i-2j+3k)e(i+]) 3-2_ 1

W) +(1)2 2 2

\X/Jﬂlo 8 Find the angle that the vector A=2+ 3§ — k makes with y-axis.

Rcos 6=

. 4 3 3
Solution cos 0=—L = -
4 Jer+er +17? ia

(3]

Example 7 Explain why pressure and surface tension are not vectors?

Solution Pressure (force per unit area normal to it) or surface tension are scalars. They have direction which
is unique so need not to be specified.

I
ﬁplo 8 If 2and Dare the vectors AB and B—C’ determined by the adjacent sides of a regular hexagon.
What are the vectors determined by the other sides taken in order? ;

Solution Given AB=3 and BC= b
From the method of vector addition (or subtraction) we can show that,

E D
CD=b-2

Then DE=-AB--3 F c
EF=-BC=-1} [

and _A'=-_B=:——ﬁ B

Fig. 2.24
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Example 9 lf:x3=3x—c’tiwith-a’:—:then:howtlu:«&::kinhereh‘uaic.
Solution

axb=bxc
axb=-cxb

!

ax 34— cx b=0

(—;+ —c’)x B=0

=y =y > - -2 - =2 P =
-.ax b#Q bx c=(, a, b, ¢ are non-zero vectors. (a+ ¢ )= 0

- o -
Hence, a + c is parallel to h.

Solution A -(Bx C)=[A BC], volume of parallelopiped
7 =8 7
{1t 2 o
o 1 -1f.

=2(-2-0)#3(-1-0)+7(1-0)
=—4-3+7=0

Example 11 FMWMMJMW(TK,&M&M&M
Radius of circle is “ R’.

Solution 04=0C

OA + OC s along OB, (bisector) and its magnitude is 2R cos 45° = R V3

((_)X+&)+(i;isalong&’anditsmagnimdeisRﬁ+R=R(|*.ﬁ)
Example 12 Prove that
|ax D) =a’b? -3+ b)?
Solution Let |al=a, [b=b
and 0 be the angle between them.
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|2 x B =(absin 8)? =a’b’ sin” 0
=a’b? (1-cos’ 0)
=a*b? —(a-bcos 9)?
=a’b? —(;'—5)2 Eroved
S R I e e S ¥ .
mple 13 Show that the vectors 8 =3 - 2j + k, b=i —3j+ 5k and ¢=2i + j—4k form a right angled
triangle.
4 a8 A PR A
Solution We have b+ ¢ =(i -3j+ 5k)+(2i + j-4k) =3i-2j+ k=2
- 5 >
Hence, a, b, ¢ are coplanar.

Also, we observe that no two of these vectors are parallel, therefore, the given vectors form a triangle.
Further, a.c=3i-2j+k)(2i+j-4k)=0

Dot product of two non-zero vectors is zero. Hence, they are perpendicular so they

oy
form a right angled triangle. 2 b
|a|=y9+4+1=414,
—’
a
l_l;|="l+9+25=\/:§ Fig.z_ze

an |€={4+1+16=+21

> -

AB ¢ g = - 3
mple 14 Let A, Band Cbe unitvectors. Suppose that A *B= A +C = Oand that the angle between B andC
> g
is —2 then prove that X: +2(BxC)

- - - =
Solution Since, A*B=0, A+C=0

Hence, (B+C)*A=0
- . d - —P' . — -
So A is perpendicular to (B+ C) * A is a unit vector perpendicular to the plane of vectors Band C.
2 B
- -
|Bx C|
|Bx Cl=B||Clsin T =1x 1x 1 -1
6 2 2
+ BxC
A= xc:iZ(Bxe)
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a 15 A particle moves on a given line with a constant speedv. At a certain time it is at a point P on its

straight line path. O is fixed point. Show that (a”x -\7) is independent of the position P.

Solution Let v=vi ¥ y
(xy)
—_— ..
OP =xi + yj
Tak OPx V=(d + yj)x vi )
e x v=(xi+ yj)x vi
ik y)xv Fig. 2.27
=—yk (-.yis constant)

¥$ independent of position.

e 16 Prove that the mid-point of the hypotenuse of right angled triangle is equidistant from its
tices. g

Solution Here, ZCAB =90°, let D be the mid-point of hypotenuse, we have

— — ()
BD=DC
_— — —
AB=AD+ DB D
—_— — — — —
AC=AD+DC=AD+ BD ...(0)
Since, £BAC =90° AB1 AC

Y —_ —)  e—
(AD+ DB)+(AD+BD)=0
(AD- BD)+(AD+ BD)=0
AD? -BD?* =0
AD=BD also BD=DC

D is mid-point of BC.
Thus, | AD|=|BD|=|DC|. Hence, the result.



E XERCISES

Section-I

Single Correct Option
_-1. Which one of the following has the dimensions of pressure? 2

(a) [ML?T?) (b) M7'L (c) [MLT?] (d) ML™'T?]
"2, Which of the following will have the dimensions of time

R
(@) LC ®) = L 9 C
; L _(© " (d) i

The force F on a sphere of radius @ moving in a medium with velocity vis given by F =6nna v. The
dimensions of 1) are

(a) ML) (b) [MLT] (©) [MT™] (d) ML™'T™]
4. The dimensional formula for magnetic flux is '
(a) ML’T?A™]  (b) [ML'T2A) (© M°L?T?A?]  (d) MLT' A%

5. Dimensions of linear impulse are

(@) [ML?T7] (b) [ML™] (c) MLT™) (d) [MLT?]
6. What is the dimensional formula of gravitational constant?
 (a) MLT?] (b) ML™'T™) oML T (d) None of these
7. ‘Using mass (M), length (L), time (T') and current (A4 ) as fundamental quantities, the dimension of
permeability is

(a) M'LT2A] () [ML?T?AT]  \(¢) [MLT2A2)

" 8. The equation of a wave is given by

(d) MLT' A"y

y=asin co(£ —kj
v
where wis angular velocity and v is the linear velocity, The dimensions of k will be

@) [T?) () [T™] ©) [T] ) [LT)
9. A force is given by

h is the i Th F:a’+b,2

where 1 is the time. The dimensions of g and 5 are

(@) [MLT™]and [MLT'} (b) [MLT"! 0
LT

(c) [MLTJand [MLT] [ ]and [MLT®]

(d) [MLT " Jand [MLT"]
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\ 11.

12.

13.

14.

15.

16.
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The dimensional formula for Planck’s constant and angular momentum are
(a) [ML?*T2)and [MLT™'] (b) [ML>T"]and [ML?T™"]
(c) [ML*T')and [ML*T"?] (d) [MLT']and [MLT?]
If the energy (E), velocity (v)and force (F) be taken as fundamental quantities, then the dimensions of

mass will be
(a) Fv? (b) Fv! (c) Ev™? (d) Ev?

The dimension of—; eoE? (€, is the permittivity of free space and £ is electric field), is

(a) [ML*T™] (b) [ML™'T2) () [ML?T?] (d) [MLT™]
2
The dimensions of f;— in the equation P = . ,where P is pressure, x is distance and ¢ is time, are
X
(a) [M’LT?] (b) [MT™] ©) [LT?] (d) ML? T™']
Dimension of velocity gradient is
(a) MLOT™") (b) ML™'T"] (c) [M°LT™"] (d) [ML°T™"]
If force £, length Land time T are taken as fundamental units, the dimensional formula for mass will be
(a) [FL™'T?] (b) [FLT)] (¢) [FL™'T™] (d) [FL’T?]
Which of the following is the dimension of the coefficient of friction?
(a) [M*L*T] (b) [ML'T’] (©) [ML*T™] (d) M’L*T?]
If C and R denote capacitance and resistance, then dimensions of CR will be
(a) [M°L°TA] (b) [ML’TA ] (c) [ML°TA?] (d) [ML°T?A7]
The unit of permittivity of free space, g is.
(a) coulomb/newton-metre (b) newton-metre ?/coulomb >
(c) coulomb 2 /newton-metre > (d) coulomb 2/(newton-metre) 2

The ratio of the dimensions of Planck’s constant and that of the moment of inertia is the dimension of
(a) frequency (b) velocity (c) angular momentum (d) time

. i i i b
The velocity v of a particle at time ¢ is given by v=at + > where a, b and ¢ are constants. The
+c

dimensions of a, b and c are respectively
(a) [LT™), [L] and [T] (b) [L?],[T]and [LT?]
(c) [LTZ], [LT]and [L] (d) [L], [LT) and [T2 ]

Given that y = 4 sin [(2—: (ct —x)ﬂ, where y and x are measured in metres. Which of the following

statements is true ?
(a) The unit of A is same as that of x and 4
(b) The unit of A is same as that of x but not of .4

(c) The unit of c is same as that of 271‘

(d) The unit of (¢t — x) is same as that ofzr7t
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22. The physical quantity having the dimensions [M~'L>T>A?]is
(a) resistance (b) resistivity
. (¢) electrical conductivity (d) electromotive force

vy TP 2 4 C pes
23. The torque of force E: (2i- 3j+4k )newton acting at the point r =(3i + 2 j + 3k ) metre about origin
is (in N-m)

1-63+101 8 o e L LB 173 vet 213k
(@) 6i-6j+12k (b) 17i-6j-13k  (c) -6i+6j-12k () =17i+6j+13k

24. If a unit vector is represented by 0.51 + 0.8j + ck the value of cis
(@) 1 (b) Yo11 (c) YOOI () 0.39
= =2 - - > o - -
25. If A and B are two vectors such that |A + B|=|A —B|the angle between vectors A and B is
(a) 0° (b) 60° _(e) 90° () 120°
26.

The vector sum of two forces is perpendicular to their vector differences. In that case, the forces
(a) are not equal to each other in magnitude  (b) cannot be predicted

(¢) are equal to each other (d)”are equal to each other in magnitude

27. Which one of the following is a scalar quantity?
(a) Displacement (b) Electric field (c) Acceleration (d) Work
28. Which one of the following is not the vector quantity?
(a) Torque (b) Displacement (c) Velocity (d) Speed
29. Whatis the dot product of two vectors of magnitude 3 and 5, if angle between them is 60°?
(a) 5.2 _ by 75 (c) 84 (d) 8.6
o

- - 5 o
30. Two vectors A and B are suchthat A+ B=Cand 4% + B2 =C2,

- 3 - -
If O is the angle between positive direction of A and B then the correct statement is

(@ 0= (1:)9:2?’r (©) =0 do=T

.31. Which one is a vector quantity?
(a) Time

(b) Temperature
(c) Flux density

(d) Magnetic field intensity

32. Giventhat P=12Q=5and R =13also P+Q= l_i, then the angle between P md6M11 be

T
G T
@ n (b) 3 (c) zero (d) 3
33. The forces, which meet at one point but their lines of action do not lie in one plane, are called
(a) non-coplanar non-concurrent forces (b) non-coplanar concurrent forces
(c) coplanar concurrent forces (d) coplanar non-concurrent forces

(a)90°, 135°,135°  (b) 45°, 45°, 90°

- - -
35. The angle between P +Qand P-Q will be

(a) 90° \(b) between 0° and 180°
(c) 180° only (d) None of these



36.

37.

38.

39.

40.

41.

42,

45,

47.
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Two vectors of equal magnitude have a resultant equal to either of them, thén the angle between them
will be .

(a) 30° \ (b) 120° (c) 60° (d) 45

A force (3i + 4j)newton acts on a body and displaces it by (3i + 4])metre. The work done by the force
is

(a) 51 (b) 253 (c) 10J (d) 307

If the vectors ;= ai + aj + 3k and6= ai -2j-kare perpendicular to each other then the positive value
of ais

(a) zero (®) 1 (c) 2 d) 3
=y A ~ -~ .
The angles which the vector A = 3{ + 6j + 2k makes with the co-ordinate axes are
a3 416 a2 a4 4 a s a3
a = = and = —,cos” —andcos™ =
(a) cos 5 cos 7zm cos 3 (b) cos 7 cos 5 7
(c) cos™ ;’.cos" iandcos" % (d) none of the above

- = A -> a a
Unit vector parallel to the resultant of vectors A = 4i —-3jand B=8i + 8 j will be

24i + 5j 12§ +5j 6i +5j
a) ——— c d) None of these
(@) T (®) 3 (©) T (@
Thevalueofnsothatvectorsﬁ+3j—2ﬁ,5§+ni+ﬂand—f+2}+3ﬁ may be coplanar, will be
(a) 18 (b) 28 () 9 (d) 36

Which one of the following statement is false?

(a) A vector has only magnitude, whereas a scalar has both magnitude and direction
(b) Distance is a scalar quantity but displacement is a vector quantity

(c) Momentum, force, torque are vector quantities '
(d) Mass, speed and energy are scalar quantities

Ifa and bare two vectors then the value of(:+ —l;)x (;——l;)is

(@ 2(bx a) (® -2(bxa) (¢) bxa @ ax®b
- n N « - o R R

The angle between the two vectors A =31 + 4j+5kand B=3j + 4j)-5kis
(a) 60° (b) 0° (c) 90° (d) None of these
Maximum and minimum values of the resultant of two forces acting at a point are 7 N and 3 N
respectively. The smaller force will be equal to
(@ 5N (b) 4N (¢) 2N (d) IN
The component of vector A = 2] + 3jalong the vector i + jis

5
(@ 5 (b) 10v2 ©) 52 @ s

The resultant of two forces 3P and 2P is R. If the first force is doubled then the resultant is also
doubled. The angle between the two forces is

(a) 60° (b) 120° (c) 70° (d) 180°
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ble the other in magnitude, is perpendicular to the smaller of the ty,,

48. The resultant of two forces, one dou ;
forces. The angle between the twoo forces 18 (©) 90° (d) 150°
(a) 120° (b) 60 RN > el
-»> i
: _ «C =0, then A is parallel to
49. Three vectors satisfy the relation A« B= 0Oand A s s =y
- =5 ¢) BxC (d) B.C
9 G L © i 1 to th ller force and h
L - rmal to the sma n
50. The sum of two forces at a point is 16 N. If their resultant 1s no asy
magnitude of 8 N. Then two forces are d) 2N. 14N
(@) 6N, 10N (b) 8N, 8N (¢) 4N, 12N (d) 2N,
e d .
51. If|Ax ﬁl:ﬁxoﬁ,thenthevalueof|K+Blls . -
2,p2,48
(a) (4> +B* + 4B)"? ()| 47 +57+ =
2 2 1/2
(c) (A+B) (d) (4 +B +w/§AB)
-5 2> > o,
52. Ifthe angle between the vectors Aand Bis 9, the value of the product (B x A)e A is equal to
(a) BA? cos® (b) BA*sin @ (c) BA*sinBcos®  (d) zero
53. Ifa vector 2i + 3j + 8K is perpendicular to the vector 4j — 4i + ok, then the value of a is
1 1
a) -1 b) — c) —— @1
(a) (b) > () 5
54. Minimum number of vectors of unequal magnitudes which can give zero resultant are
(a) two (b) three (c) four (d) more than four
55. The (x, y, z) co-ordinates of two points 4 and B are given respectively as (0,3, —1) and (-2, 6,4). The
displacement vector from 4 to B is given by
(a) -2i+6j+4k (b) 2i+3j+3k
(c) 2i+3j+5k (d) 2i-3j-5k
56. The sum of two vectors A and Bis at right angles to their difference. Then
(@) A=8 (b) 4=2B
= - -
(c) B=24 (d) A and B have the same direction
Match the Columns
. -I'sh i . .
1 ﬁo‘l:::lnurl:msl If>ws Some vector equations. Match coloumn I with the value of angle between AandB given
L Column I Column 11
@ |8 <B|=[% 5| ®) zero
b)) AxB=BxZ n
AxB=Bx3 @3
() |A =2 i
IR+ B[R -9 %
(.dV)A+§7=(:fandA+B=C 3n
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Section-1I1

Subjective Questions
Units and Dimensions

1. Young’s modulus of steel is 2.0x 10'" N/m?. Express it in dyne/cmz.
2. Surface tension of water in the CGS system is 72 dynes/cm. What is its value in SI units?
3. Inthe expression y =asin (or + 8), yis the displacement and  is the time. Write the dimensions of a, »
and 6.
4. The relation between the energy E and the frequency v of a photon is expressed by the equation £ = hv,
where 4 is Planck’s constant. Write down the SI units of 4 and its dimensions.
5. Write the dimensions of @ and b in the relation.
_2
i b-x
at
where P is power, x is distance and 1 is time.
6. Check the correctness of the relation S, = u + % (2 — 1), where u is initial velocity, a is acceleration and
S, is the displacement of by the body in ¢ second.
7. Letxand astand for distance. Is I% s sin™' £ dimensionally correct?
at-x* @ %
8. In the equation
I dx n o -l (x )
=a" sin --1
2ax — x* a
Find the value of n.
) MgL. . :
9. Show dimensionally that the expression, ¥ = ;gzl is dimensionally correct, where Yis Young’s modulus
nr
of the material of wire, L is length of wire, Mg is the weight applied on the wire and / is the increase in the
length of the wire. .
10. The energy E of an oscillating body in simple harmonic motion depends on its mass m, frequency  and
amplitude a. Using the method of dimensional analysis find the relation between E, m, nand a.
11. The centripetal force F acting on a particle moving uniformly in a circle may depend upon mass (m),
velocity (v)and radius  of the circle. Derive the formula for F using the method of dimensions.
12. Taking force F, length L and time T to be the fundamental quantities, find the dimensions of
(a) density, (b) pressure, (c) momentum and (d) energy.
Vectors
13. Find the cosine of the angle between the vectors A= @i+ j+2k)and B= (2i - 2j+4k)

14. Obtain the angle between A + Band A - Bif A =2i + 3jand B =i - 2j.

15. Under what conditions will the vectors A = 3i - 5j+ Skand 5i - j+bkbe perpendicular to each other ?
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16.
17.

18.
19.

20.

21.

22.

23.

" 24

25/

26.
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a A ~ i s " I.
Deduce the condition for the vectors 2i + 3j — 4k and 3i —aj + bk to be paralle

Three vectors which are coplanar with respect to a certain rectangular co-ordinate system are given by

a =4§—i,—l;=—3i +2j and _c'=—3j

Find
= oS5 o
(@ a+b+c¢
(b) :+3—:
:md:+3—?

(c) Find the angle between : + _ﬁ +
Find the components of a vector A = 2§ + 3j along the directions of i+jandi-].

If vectors A and B be respectively equal to 3i — 4j + 5k and 2i + 3j — 4k. Find the unit vector parallel to
A+B.

~

If two vectors are A =2 + j -k and B = j — 4k. By calculation, prove that A x Bis perpendicular to both
- >

A and B.

Find the area of the parallelogram whose sides are represented by 2i + 43 -6k and i + 2k.

The resultant of two vectors A and B is at right angles to K and its magnitude is half of ]? Find the angle
between K and ﬁ

-
The x and y-components of vector A are 4 m and 6 m respectively. The x and y-components of vector

A+Bare I0mand9m respectively. Calculate for the vector B the following
(a) its x and y-components

(b) its length

(c) the angle it makes with x-axis

Prove by the method of vectors that in a triangle

a £

sind sinB sinC
Four forces of magnitude P, 2P, 3P and 4P act along the four side
the vector method to find the resultant force.

=hb =

s ofa square ABCD in cyclic order. Use
IfP+Q=Rand P-Q= S, prove that

RZ'G'S2 =2(P2+Q2)
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A NSWERS .l

Section-I
Single Correct Option

1.(d) 2. (c) 3.(d) 4.(a) 5.(c) 6.(c) 7.(c) 8.(c) 9.(c)  10.(b)
11.(c) 12.(b)  13.(b) 14.(a) 15.a) 16.(b) 17.(a) 18.(c) 19.(a) 20.(a)
21.(a) 22.(c)  23.(b) 24.(b) 25.(c) 26.(d) 27.(d) 28.(d) 29.(b) 30.(d)
31.(d) 32.(b)  33.(b) 34.(a) 35.(b) 36.(b) 37.(b) 38.(d) 39.(a) 40.(b)
41.(a) 42.(a) 43.(a) 44.(c) 45.(c) 46.(a) 47.(b) 48.(a) 49.(c) 50.(a)
51.(a) 52.(d)  53.(b) 54.(b) 55.(c) 56.(a)

Match the Columns

1. @-rs ®)->p ()->q (-op

Section-II
Subjective Questidns
1. 2.0x 102 dyne/cm?® 2. Surface tension of water = 0.072 N/m
3. [MOLTOL[MALOT-Y, [MAOTO), 4. Js, [ML2TTY 5, [ML3TO), (ML0T2)

2
7. No 8 Zero 10.E = kmna? (k= constant)  11. F = “":"

472 -2 3 o 4
12. (@)[FL™T?] (b) [FL®] (o) [FT] (d) [FL] 13 757 14 cos {ﬁ) 15. b=-4
16. a=-45b=-6 17.(a)i-2j (b)i+4j (c) cos-{%s) 18. % , ‘_:1)_

b com ow, vo .
19. — Gi-j+k 21. Area =134 units 22, 150°
J27 (4 =+ k)

23. (a)6m,3m (b)3V5Em (c) 0= tan‘{%) 25. 2J2 P, 2250

Chapter 3 — Motion in One Dimension
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IEI Introduction to Mechanics and Kinematics

Vi i i bodies in space and time.
Mechanics is the branch of physics which deals with thc? motion otf tl:,ag:;:;s ];::dies, Ay
Position and motion of a body can be determined only.wnh respec e psiis SRAITR
involves position and time. For practical purposes a coord.mate system, tehgS ,reference T Fom calialation of
reference body and position of the body is determined with respect to thi
time generally clock is used. . ook
l%inema:,ics is the branch of mechanics which deals with the motion regardless of the causes p g

The study of causes of motion is called dynamics.

| EEX Basic Definitions

(a) Position and Position Vector . b i ol
In cartesian coordinate system position of any point (say A4) is represented by i

(x4, 4,24 )with respect to an orgin O. ¥
Position vector of point 4 with respect to O will now be: N A
- — ~ - ~ Ta
r, =OA=x,i+y,j+z,4k
Now, suppose coordinates of two points 4 and B are known to us and we wantto o x
find position vector of B with respect to 4, then Fig. 3.1
C y
- 4 =
fa
%
(o] X
Fig. 3.2

- 5 5
AB=ry -r,

oty " . )
AB=(x3 -Xy )l+(yB - V4 )j+(28 -z, K

(b) Distance and Displacement
Distance is the actual path length covered by a moving particle or body in a given time interval. while
displacement is the change in position vector, i.e., a vector joining initial to final

from A to C (Fig. 3.3) through a path ABC. Then distance (As)travelled is the ac
displacement is

positions, If a particle moves
tual path length ABC, while the

Y
B
or. (&
A :
-
A
T
—X
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A2 2 2
r =ro-r,

I.f a particle moves in a straight line without change in direction, the magnitude of displacement is equal to
the distance travelled, otherwise, it is always less than it. Thus,

|displacement | <distance
(c) Average Speed and Velocity

The average speed of a particle ina given interval of time is defined as the ratio of distance travelled to the
time taken while average velocity is defined as the ratio of displacement to time taken. Thus, if the distance

travelled is As and displacement of a particle is AT in a given time interval A7, then
tolol dostoana
V., =Average speed =— _
: Y Lotal LowvnsL

i +olow eliepl

v Average velocity
av = Avera =— <
At \(L\‘\'f" \ '.\_,\ VY A

and

(d) Instantaneous Speed and Velocity

Instantaneous speed and velocity are defined at a particular instant and are given by
As _ds

—)
—=— and v=

AT dr
= m m =
At—> 0 At dt At—>0 At dt

v

(e) Average and Instantaneous Acceleration

Average acceleration is defined as the ratio of change in velocity, i.e., AV tothe time interval Az in which
this change occures. Hence, 5
- .
Jo) -
3 AV @ WO UW
The instantaneous acceleration is defined at a particular instant and is given by
¥ @ AV _ av
A0 At dt

Sample Example 3.1 In one second, a particle goes from point A to point B moving

A
in a semicircle (Fig. 3.4). Find the magnitude of the average velocity.

Fig. 3.4



12 Mechanics-I
Solution R
At

=£'_0m/s

1.0
i Ans.

Sample Example 3.2 4 table is given below of a particle moving along x-axis. In the table speed of
particle at different time intervals is shown.

Table 3.1
Time interval (in sec) Speed of particle (inm/s)
0-2 2
25 3
5-10 4
10-15 2

Find total distance travelled by the particle and its average _.g;eed.
Solution Distance =speed x time o Pe 6,& DA Ty
: Total distance = (2x 2) + (3)(3) + (5)(@) + (5)(2) =43 m

Total time taken is 15 s Hence,
Total distance _43

Total time 15
=2.87m/s

Average speed =

-

M

Sample Example 3.3 (a) What does and represent?

(b) Can these be equal?

- -
(c) Candlv|=0while A, #0
dt
- -
AED L
t

d) —— # Owhile
@) d

__)
. v |. ; =
Solution (a) | —— | is the magnitude of total acceleration. While 4l ¥| represents the time rate of change of
dt

speed (called the tangential acceleration, a component of total acceleration) as |—\3| =y
(b) These two are equal in case of one dimensional moti

(¢) In case of uniform circular motion speed remains co
dv|

Hence, —=0 i
en & while

on (without change in direction).
nstant while velocity changes.

-
dv

—_—

#0
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-
d S o . : ; :
(d)—!d"’—| # 0 implies that speed of particle is not constant. Velocity cannot remain constant, if speed is
v d|Vl

changing. Hence,

—
dv ;
5 l cannot be zero in this case. So, it is not possible to have

=0 while——# Q.
dt

Sample Example 3.4 Give examples where

(a) the velocity is in opposite direction to the acceleration
(b) the velocity of the particle is zero but its acceleration is not zero
(c) the velocity is perpendicular to the acceleration.

Solution (a) A particle thrown upwards has its velocity in opposite direction to its acceleration

6.

(g, downwards).

(b) When the particle is released from rest from a certain height, its velocity is zero, while acceleration is

g downwards. Similarly, at the extreme position of a pendulum velocity is zero, while acceleration is
not zero.

(c) In uniform circular motion velocity is perpendicular to its radial or centripetal acceleration.

Introductory Exercise [EE}{

When a particle moves with constant velocity its average velocity, its instantaneous velocity and its speed
all are equal. Is this statement true or false? i

A stone is released from an elevator going up with an acceleration of g/2. What is the acceleration of the
stone just after release?

A clock has its second hand 2.0 cm long. Find the average speed and modulus of average velocity of the tip

of the second hand in 15 s.

(a) Isit possible to be accelerating if you are travelling at constant speed?

(b) Is it possible to move on a curved path with zero acceleration, constant acceleration, variable
acceleration?

A particle is moving in a circle of radius 4 cm with constant speed of 1 cm/s. Find:

(a) Time period of the particle.

(b) Average speed, average velocity and average acceleration in a time interval from¢ =0 to ¢t = T/4
Here, T is the time period of the particle. Give only their magnitudes.

A particle moves in a straight line with constant speed of 4 m/s for 2 s, then with 6 m/s for 3 s. Find the
average speed of the particle in the given time interval.

| IEE] Motion in One, Two and Three Dimensions

Motion of a block in a straight line is one dimensional (1-D) motion. Motion of a particle in a straight line

can be described by only one component of its velocity or acceleration. The motion of a particle thrown in
vertical plane at some angle with horizontal (# 90°) is an example of two dimensional (2-D) motion. This is
called a projectile motion. Similarly a circular motion is also an example of 2-D motion. A 2-D motion takes
place in a plane and its velocity (or acceleration) can be described by two components in any two mutually
perpendicular direction (v, and v ). ’

Motion of a bird (or a monkey) in space is a three dimensional (3-D) motion. In a 3-D motion velocity and

acceleration of a particle can be resolved in three components (v, , VysViiag.a, anda,). Here x, yand 2 are
any three mutually perpendicular axes.

The position of a particle in one dimensional motion is described by one variable (say ). Ina 2-D motion

it involves two variables (normally x and y) and in a 3-D motion three variables are x, vand :.
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lm Uniformly Accelerated Motion

R : . o o 1 = =

Equations of motion for uniformly accelerated motion (& = constant) are as under,
- > =, 1 B (P o 4

v=?+?r.s=ul+5a12.v°v '“+2"’

Note The above formulae for one dimensional motion has been derived in article 3.5.
Here, W =initial velocity of particle, <V = velocity of particle at time 7 and

s =displacement of particle in time ¢

Note If initial position vector of a particle is T, then position vector at time t can be written as
?:?;+s__r;+ut+2 tz
One-dimensional Uniformly Accelerated Motion

If the motion of a particle is taking place in a straight line, there is no need of using vector addition (or
subtraction) in equations of motion. We can directly use the equations.

1
v=u+at, s=ut+~iat2 and v? =u? + 2as

Just by taking one direction as the positive (and opposite to it as
negative) and then substituting u, a, etc., with sign. Normally we take | l e T-ve
vertically upward direction positive (and downward negative) and +ve -ve
horizontally rightwards positive (or leftwards negative). (a) (b)

Sign convention for (a) motion in vertical direction (b) motion in Fig. 3.5

horizontal direction is shown in Fig. 3.5.

Sample Example 3.5 A ball is thrown upwards from the top of atower 40 m high with a velocity of 10 m/s.
Find the time when it strikes the ground. Take g =10mA®.

Solution In the problem

u=+10mys A a=—10n1/sz I+ve l:=+10ﬂ:/05w2
and s=-40m i $
(at the point where stone strikes the ground) T @
Substituting in s = uf + % at?, we have 40m %

-40=10¢-5* l ﬁ_
o 51% -10r-40=0 , Fig. 3.6
p 1? -2 -8=0 \
Solving this, we have r =4s and -2s, Taking the positive value t = 4.
Note The significance oft = -2's can be understood by following figure:
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c
41
t=1s 1
B tap=lpg=28
: : tac =lcp=1s
fzoa’ : D
= (ra
==
—_—
= !
= !
=
t=-2s = A\

T Ay E t=4s

Sample Example 3.6 4 ball is thrown upwards from the ground with an initial speed of u. The ball is at a
height of 80 m at two times, the time interval being 6 s. Find u. Take g =10 m/s".

Solution Here, u=um/s,a=g =-10ms> and s = 80m.

- Ps=80m
Substituting the values in s=ur + — ar*, we have
, ¢ lwe
80=ur -5t
or 512 —ur +80=0 i o tu
Vi
o ’_u+\‘u2 -1600 u—\/u2 -1600
_T M, [ N -— L_

Now, it is given that

10
Fig. 3.8

u+u? ~1600 u-yJu’ ~1600

10

\/uz 1600 _

6
10

o = 6 or Ju?-1600=30
or u® —1600=900
u? =2500
o u=150m/s
Ignoring the negative sign, we have
u=50m/s

Sample Example 3.7 A particle of mass 1 kg has a velocity of 2 m/s. A constant force of 2 N acts on the

particle for 1 s in a direction perpendicular to its initial velocity. Find the velocii

ty and displacement of the

particle at the end of | second.
Solution Force acting on the particle is constant. Hence, acceleration of the particle will also remain
constant.
dmtm e =2mis?
m 1

Since, acceleration is constant. We can apply
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Reter Fig. 3.9(a) K1

Here, W and & # are two mutually perpendicular vectors. So,
R1=V(R17 + (3017 =V + @ =22k
LI
|4

Thus, velocity of the particle at the end of 1s is 2v/2 m/s at an angle of 45° with its initial velocity.
Refer Fig. 3.9(b) K 1342

—’
S—“f+§' !

a =tan

tan-! (%):m_l (1)=45°

at

=(2) (1) =2nvs

—
v

Fig. 3.9

Here, W sand —l— “a ¢ are also two mutually perpendicular vectors. So,

|‘s’|=\/<|7-’r|)’ +(z R

=J@ +(1)* =5 m

1R ;
and B=tan"' -2_,—=tan"(—)
lurl R
Thus, displacement of the particle at the end of 15 is wf§ m at an angle of tan ™ (l} Grom it ikl
=
velocity. o

Sample Example 3.8 Velocity and acceleration of a particle at time t =0 are ¥ = (2 + ) mis and
2 = (4l + 2))m/s” respectively. Find the velocity and displacement of particle at t = 2 s

Solution Here, acceleration =40+ 2j)m4A? is constant, So, we can apply

-
V=u+ar and ?.'.f,+.;_'.’,:
Substituting the proper values, we get

v =(2 + 3])+ @Al + zj)
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=(10i + 7)) m/s

and ir 4

(2) (2 +3))+ 5 (2)* (41 +2))
=(12i +10j)m

Therefore, velocity and displacement of particle at f=2s are (10i +7j) m/s and (12i +10j) m
respectively.
Following points are worthnoting in case of one dimensional motion with constant acceleration.

(i) This type of motion can be observed when either u=0, 773 oruT! @
(i) In the first two cases when either w = 0or uT T @ motion is only accelerated.

(iii) When WTl & motion is first retarded (till the velocity becomes zero) and then accelerated in
opposite direction.

(iv) As per our convention (vertically upward positive) acceleration due to gravity g is always negative
whether the particle is moving upwards or downwards. We are now left with the sign of  and s.
Displacement s is measured from the point of projection.

(v) For fast calculation in objective problems, remember the following results.
(a) Maximum height attained by a particle, thrown upwards from ground

uZ

2%
(b) Velocity of particle at the time of striking the ground when released (« = 0) from a height 4 is,

v=y2gh

(c) In (b) time of collision with ground

1=P
4

(d) Displacement of particle in ™ second of its motion,

h=

s, =u+at—la
2

EXERCISE : Derive the above four relations for h, v,t and s,.

Difference between distance (d) and displacement (s)
The s in equations of motion

1
(s=ut+-2;at2 and v =u? + 2as)

is really the displacement not the distance. They have different values only when « and a are of opposite sign

orutl a

Let us take the following two cases.

Case 1. When u s either zero or parallel to a, then motion is simply accelerated and in this case distance is
equal to displacement. So, we can write

d=s=u!+lat2
2
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Case 2. When u is antiparallel to a, the motion is first retarded then accelerated in opposite direction. So
distance is either greater than or equal to displacement (d 2 |s| ) In this case first find the time when velocity
becomes zero. Say it is 7.

0=u—at°
P u
' a

Now, if the given time r <1, : distance and displacement are equal. So
d=s=ut+ -l at’
2

For ¢ <t (with u positive and a negative)
For1>ty: distance is greater than displacement.
d=d, +d,
2

Here, d, = distance travelled before coming to rest =

d, =distance travelled in remaining time ¢ — ¢,
1 2
=—|la(t-t
2l (r—1,)"|
2

u 1 2
d= +—la(t—t
| P laklmty )|

Note The displacement is still s=ut +% at’ with u positive and a negative.

Sample Example 3.9 A particle is projected vertically upwards with velocity 40 m/s. Find the
displacement and distance travelled by the particle in

(@2s (B)4s (c)6s
Take g=10m/s”.

Solution Here,  is positive (upwards) and a is negative (downwards). So, first we will find 1y, the time
when velocity becomes zero.
gl _40_ A +ve
a

10

(a) 1 <t,. Therefore, distance and displacement are equal.

’o—

d=.1r=ut+lat2
2

=40x 2—%)( 10x 4=60m

(b) 1 =1,. So, again distance and displacement are equal,

d=s=40x4-—;>< 10x16=80m
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(¢) t>t,.Hence,d > s

- 6—%x 10x 36=60m

While d= u? +l|a(l—f )
2| 2 ,
2
B0 L1 10x (6-4) =100m
2x10 2

IEXA Non-Uniformly Accelerated Motion

When acceleration of particle is not constant, we go for basic equations of velocity and acceleration, i.e.,

- -
G v 38 sometimes v = 3% (i) 3= L (iii) ds = Vdr (iv) dv=adr
dt dt dt

For one dimensional motion, above relations can be written as under.

(i)v=§ (ii)a=§=v% (ili) ds=vdtand  (iv) dv=adt or vdv=ads

Such, problems can be solved either by differentiation or integration (with some boundary conditions).
S—t—> v—t —> a-t (Differentiation)
a-t—> v—t — s—t (Integration with boundary conditions)

Note (i) By boundary condition we mean that velocity or displacement at some time (usually at t =0)
should be known to us. Otherwise we cannot find constant of integration.
(i) E\quation a=v i orvdv = ads is useful when acceleration displacement equation is known and

velocity displacement equation is required.

Derivation of Equation of Motion (v=u+ at etc.)

For one dimensional motion with a =constant.
We can write,

dv=adt (as . @)
dt
Integrating both sides, we have
I canl ,[ a (as a = constant)

At t =0, velocity is u and at f =t velocity is v. Hence,

Lv dv=a L' dt

DI =altl,
or v-u=at

v=u+at Hence proved.
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Further, we can write
ds=vdt

=(u+al)dl

At time 7 = Osuppose s = 0and at 7 = ¢, displacement is s, then
K3 !
L dg:L (u+at)dl

(T =[u:+-:aﬁ]
0

1 2
or s=ut+—-at”

2
We can also write, v-dv=a-ds

When s =0, v is v and at s = s, velocity is v. Therefore,
[ vav=a[ as

7] =als];

[=]
=
<
NS —y

2
u
L
2
2
v =u® + 2as

or

Sample Example 3.10 Displacement time equation of a particle moving along x-axis is
x=20+1> —12
(a) Find, position and velocity of particle at time t =Q
(b) State whether the motion is uniformly accelerated or not.
(c) Find position of particle when velocity of particle is zero.

Solution (a) x=20+1-12
Atz =0, x=20+0-0=20m
Velocity of particle at time 7 can be obtained by differentiating Eq. (i) w.r.t. time i.e.,

=§=3ﬁ—12
dt

v=0-12=-12m/s

Atr = 0-
(b) Differentiating Eq. (ii) w.r.t. time #, we get the acceleration
dv
a=—=6
dt

As acceleration is a function of time, the motion is non-uniformly accelerated.
(c) Substituting v =0in Eq. (i), we have
0=31%-12

( dy )
U Vo
L dt

(asv=wu+ar)

Hence proved.

(we=rd)
asa=v-—
ds

(as a = constant)

Hence proved.

(SI Units)

...()

...(i1)



CHAPTER 3 Motion in One Dimension 81

Positive value of 1 comes out to be 2 second from this equation. Substituting ¢ =2 second in Eq. (i), we

have

x=20+(2)’ -12(2) or x=4m

Sample Example 3.11  Velocity-time equation of a particle moving in a straight line is,

v=(10+2r +3t?) (SI Units)
Find :

(a) displacement of particle from the mean position at time t = 1second, if it is given that displacement is
20mat time t =Q

(b) acceleration-time equation.

Solution (a) The given equation can be written as,

9.

v=§=(10+ 2 +3t%)
dt
or ds=(10+2 +3t%)dt
5 |
or 20ds=J’0 (10+2¢ + 3t% ) dr
or s=20=[100 + 1% + 22}
or §=20+12=32m
(b) Acceleration-time equation can be obtained by differentiating the given equation w.r.t. time. Thus,
e 10+ 21 +3¢%)
dt dt
or a=2+ 6t

Introductory Exercise I

A ball is thrown vertically upwards. Which quantity re/niains constant among, speed, kinetic energy,
velocity and acceleration?

Equation s, = u+ at—-;- adoes not seem dimensionally correct, why?

Can the speed of a particle increase as its acceleration decreases? If yes give an example.

The velocity of a particle moving in a straight line is directly proportional to 3/4th power of time elapsed.
How does its displacement and acceleration depend on time?

A particle is projected vertically upwards with an initial velocity of 40 m/s. Find
distance covered by the particle in 6 seconds. Take g =10 m/s?.

Velocity of a particle moving along positive x-direction is v = (40 - 10¢ )m/s. Here, ¢ is in seconds. At time
t = 0, the x coordinate of particle is zero. Find the time when the particle is at a distance of 60 m from
origin.

A particle moves rectilinearly with initial velocity u and a constant acceleration a. Find the average
velocity of the particle in a time interval fromt = Otot =t second of its motion.
A particle moves in a straight line with uniform acceleration. Its velocity at timet =

v,. The average velocity of the particle in this time interval is 1'%31

the displacement and

Oisv, and attimet =t is
. Is this statement true or false?

Find the average velocity of a particle released from rest from a hei

e 2 Pl ght of 125 m over a time interval dll it
strikes ground. g =10 m/s*,
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2
i sy e = t ~t
10. Velocity of a particle moving along x-axis varies with time as, v= 10+ 5 )
Attimet =0, x = 0, Find
4 s : =3s
(a) acceleration of particle att =2s  (b) x-coordinate of particle att

11. Velocity of a particle at time ¢ = 0 is 2 m/s. A constant acceleration of 2 m/s” acts on the particle for 2

: i i d displacem:
seconds at an angle of 60° with its initial velocity. Find the magnitude of velocity an pracemens ok
particle at the end oft =2 5. :

12. Velocity of a particle at any time t is V= (2i +2t :i) m/s. Find acceleration and displacement of particle at

t =1s.Can we apply_v> =u +at or not?

13. The coordinates of a particle moving in x-y plane at any time t are (2t, t?).. Find: (a) the trajectory of the

particle, (b) velocity of particle at time t and (c) acceleration of particle at any time t.

IIEX Graphs

The theory of graphs can be generalised and summarised in following six points :
(i) A linear equation between x and y represents a straight line, e.g., y=4x-2, y=5x+3,3x=y-2
equations represent straight line on x-y graph.
(ii) xoc yor y=kxrepresents a straight line passing through origin.
(iii) x o< —represents a rectangular hyperbola inx-y graph. Shape of rectangular hyperbola is as shown in
¥
Fig. 3.10.

eg, P oc% in an isothermal process (T = constant). Hence, P-¥ graph in isothermal process is a

rectangular hyperbola as shown in Fig 3.11.

\_

Fig. 3.10

| — V
Fig. 3.11
(iv) A quadratic equation in x and y represents a parabola in x
x? = y —2equations represent parabola in x-y graph.
dy
Ifz=— or
V) Ifz==F

Y eraph, eg, y=3x? +2 )2 —4y,

Z, then the value of z atany point on x-y graph can be obtained

X
graph at that point.

(vi) Ifz= yxor y(dx)orx(dy), then value of z between x,
by the area of graph between x, and X, Or y,
From the above six points we may conclude

by the slope of the

and x; or between y, and ¥, can be obtained
and y,.

that in case of a one dimensional motion :
(a) slope of displacement-time graph gives velocity (as v= é)

dt
(b) slope of velocity-time graph gives acceleration ( dv]_

as g=_
dt
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(c) area under velocity-time graph gives displacement (as ds = v dt).

(d) area under acceleration-time graph gives change in velocity (as dv =a dt).

(e) displacement-time graph in uniform motion is a straight line passing through origin, if
displacement is zero at time ¢ = 0 (as s = vt ).

(f) velocity-time graph is a straight line passing through origin in a uniformly accelerated
motion if initial velocity v =0 and a straight line not passing through origin if initial
velocity u # 0(as v=u + at).

() displacement-time graph in uniformly accelerated or retarded motion is a parabola

(as s=ut :f:‘1 atz).
2

Now, we can plot v-7 and s-f graphs of some standard results in tabular form as under. But note that
all the following graphs are drawn for one-dimensional motion with uniform velocity or with constant

acceleration.
Table 3.2
S. No. Different Cases v-t Graph s-t Graph Important Points
1. |Uniform motion i 4 (i) Slope of v-¢ graph
————— = v = constant
I (ii) In s- graph s = Oat £ = 0
s=wvt
2. |Uniformly accelerated v s (i) u=0,ie,v=0atz=0
motion with # = 0and (ii) a or slope of v-t graph is
s=0atr=0 g a2 constant
v=2a g 5'8 (iii) #=0, i.e., slope of s-t
t graph at ¢ = 0, should be
zero
3. |Uniformly accelerated v g * 1 () u#0,ie, vorslope of
motion with u # 0 but / v-t graph at # = O is not
s=0atr=0 v=u+at —uta 1 ]
= S=ut+5 af (ii) s or slope of s-t graph
t 1 t gradually goes on
increasing
s .
4. |Uniformly accelerated H (i) v=uatt=0
motion with  # 0and (i) s=spatr=0
s=spatt=0 u S0 5= 5o+ Ut + - a2
0 v=u+at 0 2
5. |Uniformly retarded ¥ (i) Slope of s-¢ graph at 1 = 0
motion till velocity u gives u
becomes zero v=u-at (ii) Slope of s-f graph at ¢ =1,
becomes zero
— Y t (iii) In this case u can’t be zero
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1 (i) Attimer= ¢, v=0or

fe v s |
6. E»Umf;onnly r?tarded then | slope of s~¢ graph is zero
ia i |
édv::ce erated in opposite | o (ii) Ins-¢ graph slope or
{direction i v fi
E | velocity first decreases
i | t t then increases with
; | o to to ?

opposite sign.

|

Important Points in Graphs

* Slopes of v-r or s-7 graphs can never be infinite at any point, because inﬁpite slope of v-1 graph means infinite
acceleration. Similarly, infinite slope of s-¢ graph means infinite velocity. Hence, the following graphs are
not possible :

N

Fig. 3.12

* At one time, two values of velocity or displacement are not possible. Hence, the following graphs are not
acceptable :

v s
4] 5
v2 2
t
Fig. 3.13

« Different values of displacements in s- gmph corresponding to given v-¢ graph can be calculated just by
calculating areas under v-f graph. There is no need of using equations like v=u + at, etc.

Sample Example 3.12  Displacement-time graph of a particle moving in a straight s
line is as shown in figure. State whether the motion is accelerated or not. Describe the
motion in detail. Given sy =20mand t, =4 second.
to
Fig. 3.14
Solution Slope of s graph is constant. Hence, velocity of particle is constant. Further at time =0,
displacement of the particle from the mean position is — 5o or —20 m. Velocity of particle,

v=slope=s—° =270=5m/s

0
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_v=5m/s
- +ve
s=-20m s=0
t=0
Fig. 3.15

Motion of the particle is as shown in figure. At 1 = O particle is at — 20 mand has a constant velocity of 5
m/s. Aty =4 second particle will pass through its mean position.

Sample Example 3.13 4 car accelerates from rest at a constant rate o. for some time, after which it

decelerates at a constant rate, to come to rest. If the total time elapsed is t second evaluate (a) the maximum
velocity reached and (b) the total distance travelled.

Solution (a) Let the car accelerates for time t, and decelerates for time #,. Then,

t=t +t, (i)
and corresponding velocity-time graph will be as shown in Fig. 3.16.
From the graph, 7 ) EE—

1
: v '
a =slope of line 04 =-"2% E

. q—’—-;o——’—ﬂ

o n = s ...(ii) 1 2

a Fig. 3.16
and B =- slope of line 4B =v;"—”‘

2
v

or 1, = ...(iii)

B

From Egs. (i), (ii) and (iii), we get
Ymax | Ymax _p o oor oy [°‘_+B]=,
a B af
" aft
or ™o+ B

(b) Total distance = displacement =area under vt graph

; 1 apr?
or Dlstance=—[ P ]

Note This problem can also be solved by using equations of motion (v =u + at etc.). Try it yourself.

Sample Example 3.14 A rocket is fired vertically upwards with a net acceleration of 4 m/s* and initial
velocity zero. After 5 s its fuel is finished and it decelerates with g. At the highest point its velocity becomes
zero. Then it accelerates downwards with acceleration g and return back to ground. Plot velocity-time and

displacement-time graphs for the complete journey. Take g =10m/s’.
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Solution In the graphs,
vy =atg, =(4)(5)=20m's
Vg =0=VA —8 4B
v, 20 _

IOAB = (5 + 2)3 =7s
Do So4p = area under v-t graph between 0to7s

=-;-(7)(20)=70m

v (m/s)
s(m)
70 ----------=, 2
.......... A
20[ -------- A = P
i \B8 cC P
0 5 7 o7 1 .
: - € Lt
1 (o] 5 7 10.7
Fig. 3.17 Fig. 3.18
1
Now, S48 |=185c | =5 8t5c
70= % (10) 13,
IBC = \/1_4 =37s
o tOABC =7+ 37=10.7S
Also, So4 = area under v-f graph between 04

=3 (5)(20)=50m

Sample Example 3.15 Acceleration-time graph of a particle moving m o a(mis?)
a straight line is shown in Fig. 3.19. Velocity of particle at time t = 0is 2m/s
Find velocity at the end of fourth second. )

Solution dv=adt
of change in velocity = area under - graph
Hence, vy =V =3 (4)(4)=8mys

Ve=v, +8=(2+ 8)m/s=10m/s
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Sample Example 3.16  Velocity-time graph of a particle moving ina ~ V (ms)

straight line is shown in Fig. 3.20.

time t = displacement s =Q

Plot the corresponding displacement-time graph of the particle if at

t(s)
Fig. 3.20
Solution Displacement = Area under velocity-time graph
Hence, S04 =%x 2x10=10m
S4p =2x10=20m
or Soap =10+20=30m
She =%x 2(10+20)=30m
or Soapc =30+30=60m
1
and Scp =3 % 2x20=20m i)
or Soapcp =60+ 20=80m P
Between 0 to 2s and 4 to 6s motion is accelerated, hence ;
displacement-time graph is a parabola. Between 2 to 4 s motion is uniform, so ~ 60f--------- '
displacement-time graph will be a straight line. Between 6 to 8 s motion is bt
decelerated hence displacement-time graph is again a parabola but inverted in ~ 30}-----, . : :
shape. At the end of 8 s velocity is zero, therefore, slope of displacement-time sl 5 : :
graph should be zero. The corresponding graph is shown in Fig. 3.21. é ‘;‘ é i ts)
Fig. 3.21

1.

' Introductory Exercise [EXE}|

Figure shows the displacement-time graph of a particle moving ina
straight line. Find the signs of velocity and acceleration of particle at time

t=t,andt =t,.

Fig. 3.22

A particle of mass m is released from a certain height h with zero initial velocity. It strikes the ground
elastically (direction of its velocity is reversed but magnitude remains the same). Plot the graph between
its kinetic energy and time till it returns to its initial position.

A ball is dropped from a height of 80 m on a floor. At each collision, the ball loses half of its speed. Plot the
speed-time graph and velocity-time graph of its motion till two collisions with the floor.

[Take g = 10 m/s]
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a(m/s?)

4. Figure shows the acceleration-time graph of a particle moving f’l°;‘3 2
straight line. After what time the particle acquires its initial velocity’

Y E S —

2\ t(s)

Fig. 3.23

£ Relative Motion

The word ‘relative’ is a very general term, which can be applied to physical, nonphysical, scalar or vector
quantities. For example, my height is five feet and six inches while my wife’s height is five feet and four
inches. If I ask you how high I am relative to my wife, your answer will be two inches. What you did? You
simply subtracted my wife’s height from my height. The same concept is applied everywhere, whether it is a
relative velocity, relative acceleration or anything else. So, from the above discussion we may now conclude
that relative velocity of 4 with respect to B (written as ;; g)is

e
Vap =V4 — VB

Similarly, relative acceleration of A with respect to B is

> o9 o
A =8, —ag

Ifit is a one dimensional motion we can treat the vectors as scalars just by assigning the positive sign to
one direction and negative to the other. So, in case of a one dimensional motion the above equations can be
written as

Vap =V4 — Vg
and 48 =a4 —0ap

Further, we can see that

o S - -
Vs ==Vpgy Or aBA =_aAB

Sample Example 3.17  Seeta is moving due east with a velocity of 1 m/s and Geeta is moving due west with
a velocity of 2 m/s. What is the velocity of Seeta with respect to Geeta?

Solution It is a one dimensional motion. So, let us choose the east direction as positive and the west as
negative. Now, given that
v = velocity of Seeta = Im/s

and
v = velocity of Geeta =—-2m/s

Thus, vsg = velocity of Seeta with respect to Geeta
=Vg =Vg = 1 -(_2)=3m/s
Hence, velocity of Seeta with respect to Geeta is 3 m/s due east.
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Sample Example 3.18 Car A has an acceleration of 2 m/s* due east and car B, 4 m/s” due north. What is
the acceleration of car B with respect to car A? :

Solution It is a two dimensional motion. Therefore. N
- . .
ap, =acceleration of car B with respect to car 4
- o E
=ag —a,
- &
Here, ap =acceleration of car S

B=4mss? (due north)

and e 4 =acceleration of car 4 = 2m/s? (due east)
[Ral=y(4)2 + ()7 =25 mss?
d —tan~ [4)=tan"
o g=kn (ZJ tan™ (2) Fig. 3.25

Thus, ?M is 24/5 m/s? at an angle of o =tan ' (2) from west towards north.

The topic ‘relative motion’ is very useful in two and three dimensional motion. Questions based on
relative motion are usually of following four types :

(a) Minimum distance between two bodies in motion

(b) River-boat problems

(c) Aircraft-wind problems

(d) Rain problems
(a) Minimum distance between two bodies in motion

When two bodies are in motion, the questions like, the minimum distance between them or the time when
one body overtakes the other can be solved easily by the principle of relative motion. In these type of problems

one body is assumed to be at rest and the relative motion of the other body is considered. By assuming so two

body problem is converted into one body problem and the solution becomes easy. Following example will

illustrate the statement.

sample Example 3.19 Car A and car B start moving simultaneously in the same direction along the line

joining them. Car A with a constant acceleration a = 4 m/s*, while car B moves with a constant velocity v=1

m/s. At time t =0, car A is 10 m behind car B. Find the time when car A overtakes car B.
Solution Given: u, =0, ug=1m/s, a, =4m/s’and ap =0

Assuming car B to be at rest, we have
uup =uy —ug =0-1=-1m/s
a =a, —ag =4-0=4m/s’

Now, the problem can be assumed in simplified form as follows :
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Fig. 3.27
s=ul+—;~a!2
we get I0=-I+::,-(4)(f2)
or 22 -1-10=0
1+/1+80 1++/81
or = =
4 4
1£9

=T or t=2.5s and -2s

Ignoring the negative value, the desired time is 2.5 s.

Note The above problem can also be solved without using the concept of relative motion as under.
At the time when A overtakes B,
Sp=sg+10
Fx4axt?=1xt +10

or 2t -t -10=0

Which on solving givest = 2.5s and -2 s, the same as we found above,
As per my opinion, this approach (by taking absolute values) is more suitable in case of two body
problem in one dimensional motion. Let us see one more example in support of it

Sample Example 3.20  An open lift is moving upwards with velocity 10 m/s. It has an upward acceleration
of 2 m/s*. A ball is projected upwards with velocity 20 m/s relative 1o ground. Find :

(a) time when ball again meets the lift. ' )

(b) displacement of lift and ball at that instant.

(c) distance travelled by the ball upto that instant, Take g=10m/ s>

Solution (a) At the time when ball again meets the lift,
SL = SB
|
10/ + —x 2x 12 =90, _ 1 2
2 20¢ 2x 10¢

Solving this equation, we get
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2
2m/s® 10 m/s 20m/s

] +ve
Bal

10 m/s?
L — Lift B — Ball

Fig. 3.28
t=0 and ¢ =-§ s
3
. Ball will again meet the lift afier % s.
(b) At this instant
2
s; =sp =10x é+—l>-c Zx(-s-) 1B m=194m
37277 3) T

(c) For the ball uT{ a. Therefore, we will first find #,, the time when its velocity becomes zero.

As t (:% s) <1, distance and displacement are equal

or d=194m

Concept of relative motion is more useful in two body problem in two (or three) dimensional motion. This
can be understood by the following example.

Sample Example 3.21 Two ships A and B are 10 km apart on a line running south to north. Ship A farther
north is streaming west at 20 km/h and ship B is streaming north at 20 km/h. What is their distance of closest

approach and how long do they take fo reach it?

Solution Ships 4 and B are moving with same speed 20 km/h in the e la N
directions shown in figure. It is a two dimensional, two body problem with ‘ E
zero acceleration. Let us ﬁnd_v:, 4 Vg
e B
Vo =Ya AB=10km
Here, Ve |=4/(20)% +(20)
=20y2 km/h Fig. 3.29

ie., _v’,u is 20\/5 km/h at an angle of 45° from east towards north. Thus, the given problem can be
simplified as :

Vo= 20 kmh ! Vaa= 2042 kmh

prt
~Va=20 kmh
Fig. 3.30
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4 is at rest and B is moving with_\",, , in the direction shown in Fig. 3.31.

Therefore, the minimum distance between the two is
Smin =AC = ABsin 45°
= 10[—1] km=5v2 km
2

and the desired time is

(b) River-Boat Problems

In river-boat problems we come across the following three terms:

=
o | !
Ny |
ALY,
Fig. 3.32

- . .
v, =absolute velocity of river
_)

—

and v, =absolute velocity of boatman.

y

L.

A
c
v,
45° 2
B
Fig. 3.31

(BC = AC =5J2 km)

v,, = velocity of boatman with respect to river or velocity of boatman in still water

o g > . z . )
Here, it is important to note that v,, is the velocity of boatman with which he steers and_\t,, is the

actual velocity of boatman relative to ground.

- 2 o
Further, V=V, +V,

Now, let us derive some standard results and their special cases.

A boatman starts from point 4 on one bank of a river with velocity—v),,, in the direction shown in Fig.3.32.

River is flowing along positive x-direction with velocity—v’, - Width of the river is w, then

-2 = -
V=V, + VY,

Therefore,

and be =vry + vbly

va =er +vbrx =Vr _vbr Sin 9

=0+, cos 6=v, cos@

Now, time taken by the boatman to cross the river is :

[:l: w

Vby V. COS O
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or t =L.
Vs, COS 6

Further, displacement along x-axis when he reaches on the other bank (also called drift) is:

xX=vy t=(v, — v, sin 0)
v, cOs 0

. w ..

or x=(v, —v,, sin ) ——— (i)
v, cos 6

Three special cases are:

(i) Condition when the boatman crosses the river in shortest interval
of time

B

Ll

|

"

From Eq. (i) we can see that time () will be minimum when 6 = 0°, Vor l
A

ie., the boatman should steer his boat perpendicular to the river
current.

Also, fmin =—— as cos 0=1
min V[,,- Flg. 3.33
(ii) Condition when the boatman wants to reach point B, i.e., at a point just opposite from where
he started

In this case, the drift (x) should be zero.

x=0

or (V, = Vi sin 9) =0

_ Vg, COs O
or V, =V, sin @

v cafv
L or 9=sm~'( L )
Vor Vor

Hence, to reach point B the boatman should row at an angle 8 =sin ' [

or sin 0=

Vr

)upstream from AB.

v
Further, since sin 6%1. "

So, if v, 2v,,, the boatman can never reach at point B. Because if v, =v,_,sin 6 =1or 8 =90°and it
is just impossible to reach at B if @ = 90°. Moreover it can be seen that v, =0ifv, =v,, and 6 =90
Similarly, if v, >v,,,sin 0 >, i.e, no such angle exists. Practically it can be realized in this manner
that it is not possible to reach at B if river velocity (v, )is too high.

(iii) Shortest path
Path length travelled by the boatman when he reaches the opposite shore is
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=1’W2 +X2

Here, w =width of river is constant. So for s to be minimum modulus of x (drift) should be

minimum. Now two cases are possible. [ " }
1

When v, <v,,: In this case x =’0, when 6 =sin" ”
br

. 1| Y
or Spin =W at @=sin | —
v
br

. N dx
When v, >v,, : Inthis case x is minimum, wher ;6_ =

or A1_¥ (v, v, sin0)=0
d® | v,, cos 6

or -V, cos” 0 —(v, —v,, sin 8) (-sin 8)=0

or -V, +Vv,sin0=0

.V
or f=sin' | 2
v"

Now, at this angle we can find x ;, and then s,,;, which comes out to be

¥ = il ¥
St =w[ L J at 0 =sin l(—’”—)
Vor v,

Sample Example 3.22 4 man can row a boat with 4 km/h in still water. If he is crossing a river where the
current is 2 km/h.
a) In what direction will his boat be headed, if he wants to reach a point on the other bank, directly
opposite to starting point?
y) If width of the river is 4 km, how long will the man take to cross the river, with the condition in part
(a)?
(c_} In what direction should he head the boat if he wants to cross the river in shortest time and what is this
minimum time?
(d) How long will it take him to row 2 km up the stream and then back to his starting point?

Solution (a) Given, thatv, =4km/handv, =2km/h

0=sin~! | £ |=sin-! [3J= -t 1)
(ver 2 )=sin s =30°

Hence, to reach the point directly opposite to starting point he should h
e d t an°
with 4B or 90° + 30° = 120° with the river flow. R stananglectd)

Vor—V; Vbr+Vy
———————e

—_— .

D (o D c

Fig. 3.35
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(b) Time taken by the boatman to cross the river
w = width of river = 4 km
vy =4km/h and 0=30°

o,
4cos30° 3
(c) For shortest time 6 = (°
and b e W8
vy cos 0° 4

Hence, he should head his boat perpendicular to the river current for crossing the river in shortest time and this
shortest time is 1 h. :

(d) ’=’CD +tDC

or t= i + Ll
Vor =V, Vor + Y,
4-2 442 33
(c) Aircraft Wind Problems N

This is similar to river boat problem. The only difference is that?r,,, is replaced by_v",w (velocity of aircraft
with respect to wind or velocity of aircraft in still air),_v), is replaced by_\tw (velocity of wind) and Vb is

replaced by_{, (absolute velocity of aircraft). F unher,_\"a =_\"w

, +—v)“,. The following example will illustrate
the theory. :

Sample Example 3.23 An aircrafi flies at 400 km/h in still air. A wind of 20082 km/h is blowing from the
south. The pilot wishes to travel from A to a point B north east of A. Find the direction he must steer and time
of his journey if AB =1000 km.

Solution Giventhat v, =200+2 km/h

N
Vg =400 km/h and Vv, should be along 4B or in north-east B

direction. Thus, the direction of _v’uw should be such as the resultant

of _3,, and v, is along 4B or in north-east direction.

Y
Let'V,, makes an angle o with 4B as shown in Fig. 3.36. A2 Vaw = 400 km/h

Applying sine law in triangle ABC, we get

AC BC Fig. 3.36
sin 45°  sin o
or sin a=(B—stin 45°= M _l=l
AC 400 )2 2

o =30°

Therefore, the pilot should steer in a direction at an angle of (45° + a) or 75° trom north towards east,



—’
A 0

sin (180°— 45°—30°) sin 457

Further,

; o km
or 174|=Sl.n 1050 x(400)—h—
sin 45

(0515 400 E=[o.9659)(400)5;13
= sin 45° 0.707

h
=546.47 km/h
" The time of journey from 4 to B is

B

=y
IVa

o

=

__1000
© 546.47

t=1.83h
(d) Rain Problems
V..V and_;",,,, Here,

r>'m

In these type of problems we again come across three terms
-3, =velocity of rain
_\7,, = velocity of man (it may be velocity of cyclist or velocity of motorist also)
and _\5,,,, = velocity of rain with respect to man.

Here,_‘tm is the velocity of rain which appears to the man. Now, let us take one example of this.

Sample Example 3.24 7o a man walking at the rate of 3 km/h the rain appears to fall vertically. When he
increases his speed to 6 km/h it appears to meet him at an angle of 45° with vertical. Find. the speed of rain.

Solution Let i and j be the unit vectors in horizontal and vertical directions respectively.
Let velocity of rain

Vo =ai+bj ...(0) Vertad ()
Then speed of rain will be
[V =ya® + b2 -.(ii)
In the first case Horizontal (1)
Va= velocity of man = 3§ Fig. 3.37
5

- -~ -
Vm = V’—Vm =(a—3i +bj
It seems to be in vertical direction. Hence,

a_3=0 or a=3

In the second case v, =6
3 s . " .
Vrm =(a"6)+bj=_3i+bj
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This seems to be at 45° with vertical.
Hence, |b|=3
Therefore, from Eq. (ii) speed of rain is

¥, 1=J(3)* + (3)* =3v2 km/h

Introductory Exercise [E}|

1. Two balls A and B are projected vertically upwards with different velocities. What is the relative
acceleration between them?

2. In the above problem what is the shape of the graph between distance between the balls and time before
either of the two collide with ground?

3. Ariver 400 m wide is flowing at a rate of 2.0 m/s. A boat is sailing at a velocity of 10.0 m/s with respect to
the water in a direction perpendicular to the river.
(a) Find the time taken by the boat to reach the opposite bank.
(b) How far from the point directly opposite to the starting point does the boat reach the opposite bank?

4. An aeroplane has to go from a point A to another point B, 500 km away due 30° east of north. Wind is
blowing due north at a speed of 20 m/s. The air-speed of the plane is 150 m/s. (a) Find the direction in
which the pilot should head the plane to reach the point B. (b) Find the time taken by the plane to go from
AtoB.

5. Two particles A and B start moving simultaneously along the line joining them in the same direction with
acceleration of 1 m/s® and 2 m/s? and speeds 3 m/s and 1 m/s respectively. Initially A is 10 m behind B.
What is the minimum distance between them?

Extra Points i}

= If y (may be velocity, acceleration etc.) is a function of time or y = f(t)and we want to find the average value
of y between a time interval of t, and ¢,. Then,
<Y >, w01, = average value ofy betweent, andt,

[ fie)at
= Shi 7o
-t
INIGLE
<y> el il N
or 1 to ty fot,
But if f(t)is a linear function of t then
_Yrt W
av ~ T

Here, y, = final value of y and y, = initial value of y
At the same time we should not forget that

e total displacement Q
o total time
_ change in velocity (\/ ) ‘)\
g % =" iotal time \/

Example : Inone dimensional uniformly accelerated motion. Find average rony from{'tkv Otot =t.
Solution : We can solve this problem by three methods.
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Method 1. v=u+at
L:(u + at)dt
VAa-tT o0
1
= - at
u+ -

Methed 2. Since v is a linear function of time, we can write
VitV (u+at)+u

Ko 2 2
=u+ 1 at
2
i t
Method 3. Vi Total dxspl:.acemen
Total time
1
ut + - at?
=—2 _-u+-at
t 2
= A particle is thrown upwards with velocity u. Suppose it u=0
takes time t to reach its highest point, then distance last one second ‘s

travelled in last second is independent of u.
This is because this distance is equal to the distance & Py
travelled in first second of a freely falling object. Thus, ;

s=%g x (1f

TU
x10x1=5m

N =

Exercise : A particle is thrown upwards with velocity
u (>20 m/s). Prove that distance travelled in last 2 second is Fig. 3.38
20 m.
Suppose we have given velocity-time v-t graph. We want to plot corresponding displacement-time s-t graph
then values of displacements at different times can be found just by adding the corresponding areas under
v-t graph.
The modulus of velocity is really the speed or
Vi=v

Rate of change of velocity is acceleration, while rate of change of speed is the tangential acceleration
(component of acceleration along velocity). Thus,

& 3
dt
. dv_d[¥|_
while dt ~ dr
Angle between velocity vector v and acceleration vector a decides
whether the speed of particle is increasing, decreasing or constant. N
Speed increases, if 0°<0<90°
Speed decreases, if 90°< 0 <180°
Speed is constant, if 6 = 90°

The angle 6 between vVand @ can be obtained by the relation,

8 = cos™! (7" i’] Fig. 3.39

—V

va
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Exercise : Prove that speed of a particle increases if dot product of Vand a is positive, speed decreases,
if the dot product is negative and speed remains constant if dot product is zero.

Itis found that problems of two (or three) dimensional motion become easy by writing the different vectors

in terms of i, j and k rather by using graphical method of vector addition or subtraction. For details you can
refer Sample Example 3.24 in article 3.7.

The magnitude of instantaneous velocity is called the instantaneous speed, i.e.,

v-|‘;|_g_?

B P'T
; dr . dr
Speed is not equal t —, ie., —
p q od‘ ie v:d‘

where ris the modulus of radius vector ¥ because in general case |d ¥| # dr. For example when ¥ changes
only in direction, i.e., if a point moves in a circle, then r = constant, dr = O but |d¥ | =

I have personally felt that the concept which I am going to present here becomes very useful while dealing
with addition or subtraction of two vectors. Suppose a vector C is a vector sum of two vectors A and Band
the direction of C is given to us. Say the vectorC has to be alonga N

line PQ. Then & + Bshould be along PQ or sum of components of g

Aand B perpendicular to line PQ should be zero. Similarly, if - Y
C=Z-Band C has to be along the line PQ, then the sum of ‘\
components of A and - B perpendicular to line PQ should be zero. & a Yo

For instance, in example 2.29, v, has to be along AB and we know Al E

that ¥, =¥,,, + ¥,,. Therefore, sum of components of v, and ¥,

perpendicular to line AB (shown as dotted) should be zero.

or |Vo | sin a = |V, | sin 45°
¥l .

or sin a = —*= sin 45°
I¥,.,1

293

a =30°

Now, [Vl = [Vl cos @ + |7, | cos 45°
1 V3
= (400) cos 30° + (200v2) %)= («mo)7 +200

=34647 + 200 = 546.47 km /h
" Time of journey from A to B will be
AB _ 1000 _

=== =1,
S| 546.47
[Vl

83 h

I have found students often confused over the sign of ‘g". As per our sign convention (positive upwards and
negative downwards) it is always negative, whether the particle is moving upwards or downwards. Now if
u is upwards (i.e., uT{ g) motion is retarded and if u is either zero or downwards (uT Tg) motion is
accelerated.
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Solved Examples
Level 1

lue south to reach his field. If he
Example 1 4 farmer has 10 20 500 m due north, 400 m due east and 200 m d;

takes 20 minutes to reach the feld. ,

(@) What distance he has to walk to reach the field a7

(b) What is the displacement from his house to the fie o

(¢) What is the average speed of farmer durxng the wal I.k ,

(d) What is the average velocity of farmer during the walk !

i N
Solution -
p W =
’ S
Fig. 3.41
@ Distance = 4B + BC + CD = (500 + 400 + 200)=1100m
a

(b) Displacement = 4D =+/( 4B — CD)? + BC?
=y(500-200) + (400)?
=500m

o= Total distance _1100 _ 55 ity
) Average speed = m ™

@ Average velocity = g = 52000 =25m/min (along 4D)

Solution In the first case,

;\s' L] : S & ; 5 2s, L:‘z 4
First case econd casg
Fig. 3.42
e )
Vg = Vl2 ‘L+ Zazs

(i)
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Adding Egs. (i) and (ii), we have

v =y? +2("' ‘;"ZJ(Z;) ... (iii)
In the second case
v =u? +2("' ;”2 J(zs) i (i)

From Egqs. (iii) and (iv), we can see that
V, =V / Hence proved.

Example3 Inacar race, car A takes a time t less than car B at the  finish and passes the finishing point with
speed v more than that of the car B, Assuming that both the cars starts from rest and travel with constant
acceleration a, and a, respectively. Show that v aa, t. '

Solution  Let 4 takes 7, second, then according to the given problem B will take (1, + ¢ )seconds. Further, let

v; be the velocity of B at finishing point, then velocity of 4 will be (v, + v) Writing equations of motion for 4
and B.

v +v=at, -.(1)
Vi =a,(t, +1) ...(i1)
From these two equations, we get ‘
v=(a, —a,)t, —a,t ... (iii)
Total distance travelled by both the cars is equal.
or ' s, =sp
S 1 2 1 2
—aity =—a, (t; +1)°
or 3 S (1 +1)
a, t
or

Vo de

Substituting this value of #, in Eq. (iii), we get the desired result

or v=(/a, a, )t

Example 4 A particle is moving with a velocity of v=(3+6t + %) cm/s. Find out -
(@) the acceleration of the particle at t =3s. - . o :
(b) the displacement of the particle in the interval t =55 10t = 8s.

Solution (a) Acceleration of particle,
a=2 =(6+18¢) co/s 2
dt

Att=3s,
a=(6+18x 3)cm/s?
=60cm/s?
(b) Given, v=(3+61+9%%)cm/s
or d9=(3+6t+912)

dr
o 5 ds=(3+6t+9%%)dr
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[ ds= [ Grosortyd
0

8
s=[3r+3r3 +30°];

or s=1287cm
_ (2 —3) wherex
Example 5 7%e motion of a particle along a straight line is described by the function x (2t-3)
is in metres and t is in seconds.
(a) Fi ind the position, velocity and acceleration at t =2s.
(®) Find velociry of the particle at origin.

Solution (a) Position, x=(2 -3)

Velocity, v=£ =4 (2 -3)m/s
dt

and acceleration, =§_v =8m/s?
t

Atr=2s, x=(2x2-3)’=1.0m

v=4(2x2-3)=4m/s

and a=8m/s?

At origin, x =0

or (2r-3)=0

¥ v=4x0=0

Example 6 An open elevator is ascending with zero acceleration. The speed v=10m/s. A ball is thrown

vertically up by a boy when he is at a height h =10m from the ground. The velocity of| ‘projection is v=30m/s
with respect to elevator. Find:

(a) the maximum height attained by the ball.

(b) the time taken by the ball to meet the elevator again.

(c) time taken by the ball to reach the ground after crossing the elevator.

Solution (a) Absolute velocity of ball =40 m/s (upwards)
Binax =h; +h
Here, h; =initial height=10m
and h,= further height attained by ball
2 2
0 _gom
2g 2x10
hmax =(10+80)m=90m
(b) The ball will meet the elevator again when displacement of lift = displacement of ball

or 10><f=40><1-—;x10x12

t=6s
or
(c) Letty be the total time taken by the ball to reach the ground. Then,
~10= 1 ’
10=40x 1, _Ex 10x ,g

Therefore, time taken by the ball to reach the ground after crossin

g the elevator,
=(tg -1)=2.245
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Example 7 From an elevated point 4, a stone is projected vertically upwards. When the stone reaches
a distance h below A4, its velocity is double of what it was at a height h above A. Show that the greatest

height attained by the stone is -g h.

Solution Let u be the velocity with which the stone is projected vertically upwards.

Given that, V_p =2v,
or (v_y ) =4v;
u? —2g (-h)=4 (u* -2gh)
2 = 10

5

> _Sh

Now, hoii= A X Hence proved.
2 3

Example 8 A man crosses ariver in a boat. If he cross the river in minimum time he takes 10 min with a drift
120 m. If he crosses the river taking shortest path, he takes 12.5 min, find :

(a) width of the river.

(b) velocity of the boat with respect to water.

(c) speed of the current.

Solution Let v, =velocity of river
v, = velocity of river in still water and

w = width of river

Given, 1 in =10min
w
or =10 (D)
Vor ( A
Drift in this case will be, v
or w
x=v,t
120=10v, (1) A
Fig. 3.8
Shortest path is taken when v, is along AB. In this case, “ 8
vy =\/vf,, -v?
. Y %
Now, 125=2 = 2 (i)
Vo Vi —Vr .
Solving these three equations, we get Shortest path
Fig. 3.44

vy, =20nV/min,
v, =12 m/min
and w=200m
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v A Ry
i a straight line is shown in t
Example 8 75, acceleration versus time graph of a parjl(c)'letr‘n:v;r.zg along
figure. Draw the respective velocity-time graph. Given v =04

a
(m/s?)
2 |
2 4 6] —t
21 @
i
Fig. 3.45
Solution  From 1 =0t01=2s, g =+ 2m/s?
v=at=2
l ight li i igin wi 2 m/s?
or -7 graph is a straight line passing through origin with slope :
Atthe end of 2 s,
v=2x2=4m/s

. From/=2t045,4a=0 Hence, v =4 m/s will remain constant.
From 1 =41 =- % 2 .
m 06s,a=—4m/s?. Hence a4 a0 (with 1 =0at 4s)
v=0ats=1Isorat5 s from origin. ) '
Atthe end of 6 s (or f =25) v=—4mJs. Corresponding - graph is as shown below :

v(m/s)
4 ......... n
0 2 4 t(s)
— e )

Fig. 3.46

Example 10 A4 ball is thrown upward with an initial velocity of 100 ms™!. Afier how much time will it
return? Draw velocity-time graph for the ball and find from the graph (i) the maximum height attained St
ball and (ii) height of the ball after 15 5. Take g =10 mg~2.

Solution Here, u=100ms™, g=-10ms=
At highest point, v=0
As v=u+gt .. 0=100-10x ¢
.. Time taken to reach highest point,
t =ﬂ) =10s
10
The ball will return to the ground at 1 =205,

Corresponding velocity-time graph of the bal] ig shown in
Fig. 3.47.
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(i) Maximum height attained by the ball = Area of AAOB &
=.; x 10x 100 = 500 m
(i) Height attained after 15 s = Area of AAOB + Area of ABCD
=500+—;(15-—10)x(—50)=500—125=375m 4

/

Example 11 A rocket is fired veﬁically up from the ground with a resultant vertical acceleration of
10 m/s®. The fuel is finished in | min and it continues to move up.

(a) What is the maximum height reached?(b) After how much time from then will the maximum height be
reached? (Take g =10m/s* )

Solution  (a) The distance travelled by the rocket in 1 mi §60s)in whicE ultant acceleration is vertically

upwards and 10 m/s? will be We ~_L
: "hy =(1/2)x 10x 607 =18000m= 18 Km ()
and velocity acquired by it will be v=10x 60=600m/s ..(i1)

Now, after 1 min the rocket moves vertically up with velocity of 600 m/s and acceleration due to gravity
opposes its motion. So, it will go to a height 4, till its velocity becomes zero such that

0=(600) —2¢h, \JZ: U%- 231'\ ‘

or h, =18000m  [as g=10mys?] ...(iif)
. =18km
So, from Egs. (i) and (iii) the maximum height reached by the rocket from the ground
h=h +h, =18+18=36km Ams.

(b) As after burning of fuel the initial velocity from Eq. (ii) is 600 m/s and gravity opposes the motion of
rocket, so the time taken by it to reach the maximum height (for which v = 0),

0=600-gt or r=60s
i.e., after finishing fuel the rocket further goes up for 60 s, or 1 min. Ans.

Level 2

Note 1. In one dimensional motion, if a = constant, we use v =u + at, etc., with proper signs and if
a # constant, we go for integration and differentiation.

2. Sometimes the standard results are written in different manners and the students unnecessarily go
on integrating or differentiating. The standard results which are usually altered are :
(i) v=u +at
(ii) s = ut+ ; at®} These are the equations of motion in one dimension with constant

acceleration
(iii) v* = u® + 2as

(iv) v=o),/Az -

These are the equations of simple harmonic motion.
(v) a=-o’x

The above point will be more clear after going through following two examples 1 and 2.
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traight line varies with its displacement as
s

Example 1 Velocity of a particle moving in a lacement of particle at timet =2 s.

V=(J4 +4s) ms. Displacement of; particle at timet =0is s = Q Find disp

Solution Squaring the given equation, we get

sv? =4 +4s
Now, comparing it with v2 =u? + 2as )
we get, u=2m/s and a=2mk

.. Displacement at ¢ =2s is i
2
s=ut+-;ar2 or s=(2)(2)+5(2)(2)

or s=8m

Example 2 Velocity of a particie varies with its. displacement as

v=(\’9—x2 )m/s

Find the magnitude of maximum acceleration of the particle.

Solution Comparing the given equation with standard velocity-displacement equation of simple harmonic
motion, i.e, v= m\[ A% —x2 , we get

o=lrad’s and A4=3m
The magnitude of maximum acceleration of the particle in SHM is = 02 4

=()’(3)m/s? =3mys?

Example 3 Fig. 3.48 shows arod of length I resting on a wall and the floor.
Its lower end A is pulled towards left with a constant velocity v. Find the
velocity of the other end B downward when the rod makes an angle O with the
horizontal.

Solution  In such type of problems, when velocity of one part of a body is given and i ;
we first find the relation between the two displacements, then differentiate them with that of other js required,

. . r s .
the distance from the corner to the point A4 is x and that Up to Bis y. Then, eSpect to time. Here, if

and Vg = —2 (_ si
dt '&n denotes that y is decreasing)
Further, xtyytap
Differentiating with respect to time ¢

ds  dy
2x*+2 -
dr ydr 0
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XV=yYvg

x
vg = —v=vcot O
y

Example 4 A particle is moving in a straight line with constant acceleration. If x, y and z be the distances
described by a particle during the pth, qth and rih second respectively, prove that

(@-rx+(r-p)y+(p-q)z=0

Solution As Sk =u+an——;a=u+§(2n—l)
x=u+2@2p-1) ()
2
y=u+g(2q—l) ' .. (i)
z=u+%(2r—l) ....(iii))

Subtracting Eq. (iii) from Eq. (ii),

y—z=§(2q—2r) or g-r=2=2
or | (g =¥ =1 (x-2) V)
Similarly, we can show that
(r—p)y=;}(zy—xy) (V)
and (p—q)z=;l(xz—yz) oa(V0)

Adding Egs. (iv), (v) and (vi), we get
(g-rx+(r=-p)y+(p-9)z2=0

Example 5 A balloon starts rising from the earth’s surface. The ascension rate is constant and equal to v,.
Due 1o the wind, the balloon gathers the horizontal velocity component v, =k y,where k is a constant and y
is the height of ascent. Find how the following quantities depend on the height of ascent:

(a) the horizontal drift of the balloon x(y). . .
(b) the total, tangential and normal accelerations of the balloon.

d .
Solution (a) 7{ =v )
% =ky )

Dividing Eq. (i) by Eq. (ii), we get



108  Mechanics-|
/2

_ k1Y
Intergrating, we get B L—Z—
0
) sl ion of a PmbOla‘ 2
This is the desired trajectory of the particle, which is an etluatlrequh_e an expression for the speed as a
(b) For finding the tangential and normal accelerations, we
function of height y
v, =V, and v, = k}'

¥ 3 2 2
v w2 +vi=yvs +KY

Therefore, tangential acceleration,
dv Ky &
;=T
" dr W g
_ K yv,
K’ y
or ===
NI+ k22

Now, the total acceleration is,

t dt
N 2
dt dt
. 2 2 kv
Normal acceleration, a,=4a’*-a} =

Example 6 Threeparticles 4, B and C aresituated at the vertices of an equilateral triangle ABC of side d at
time t =Q Each of the particles moves with constant speed v. A always has its velocity along AB, B along BC
and C along CA. At what time will the particles meet each other?

Solution Velocity of 4 is v along AB. The velocity of B is along BC. Its

component along BA is vcos 60°=v/2 Thus, the separation AB decreases at A
the rate
v 3v
v+ 5 = 3 v v
Since, this rate is constant, the time taken in reducing the separation 4B
from d to zero is B ol c
d 24 v

-~

- (3v/2) =?v Fig. 3.49
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Example 7 An elevator car whose floor to ceiling distance is equal to 2.7 m starts ascending with constant
acceleration 1.2 m/s*. 2 s after the start a bolt begins falling from the ceiling of the car. Find:

(a) the time after which bolt hits the floor of the elevator.
(b) the net displacement and distance travelled by the bolt, with respect to earth.
(Take g =9.8mls?)

Solution (a) If we consider elevator at rest, then relative acceleration of the bolt is @, = 9.8+ 1.2

=11m/s? (downwards)

After 2 s velocity of lift is v=at =(1.2)(2)=2.4 m/s. Therefore initial velocity of the bolt is also
2.4 m/s and it gets accelerated with relative acceleration 11 m/s?. With respect to elevator initial velocity

of bolt is zero and it has to travel 2.7 m with 11 m/s?. Thus, time taken can be directly given as

‘E: '2)( 27 _07s.
a 11

(b) Displacement of bolt relative to ground in 0.7 s.

v=0
1 2 I ]
s=ut + > at S E E
1 “ | 5
or s=(2.4)0.7)+ 5 (-9.8)(0.7)° l {
]
s=—0.72m '
1
Velocity of bolt will become zero after a time
ty =— (v=u-gt) Fig. 3.50
4
.08 0.245s
9.8

Therefore, distance travelled by the bolt =s, + 5,

2

u 1 2
=+ —g(t—t

22 28( 0)

(24) x 9.8(0.7- 0.245)* =1.3m
2x98

Example 8 A man wants to reach point B on the opposite bank of a river flowing at a speed as shown in
figure. What minimum speed relative to water should the man have so that he can reach point B? In which

direction should he swim?

Fig. 3.51
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Solution  Let v be the speed of boatman in still water.

Resultant of v and
Jrdirection are,

Further,

or

vis minimum at,

and

u should be along AB. Components of v, (absolute velocity of boatman) along x and

V. =u-vsin and v, =vcos 6
vV
tan 45°=—
vX
1 vcos 6
u—vsin 0
u u

v= =
sin 8 +cos &  /25in (0 + 45°)
0+45°=90° or @=45°

_u

min E

v



E XERCISES

AIEEE Corner

Subjective Questions (Level 1)

- Basic Definitions
1. A car moves with 60 km/h in first one hour and with 80 km/h in next half an hour. Find :

2.

(a) total distance travelled by the car, (b) average speed of car in total 1.5 hours.

A particle moves in a straight line with initial velocity 4 m/s and a constant acceleration of 6 m/s 2 Find
the average velocity of the particle in a time interval from

(@) t=0tot=2s (b) t=2stot=4s.

A particle is projected upwards from the roof of a tower 60 m high with velocity 20 m/s. Find :
(a) the average speed and

(b) average velocity of the particle upto an instant when it strikes the ground. Take g =10 m/s>.

A block moves in a straight line with velocity vfor time #,,. Then, its velocity becomes 2vfor next ¢, time.
Finally its velocity becomes 3v for time T'.If average velocity during the complete journey was 2.5 v, then
find 7' in terms of #,,.

A particle starting from rest has a constant acceleration of 4 m/s” for 4 s. It then retards uniformly for

next 8 s and comes to rest. Find during the motion of particle :
(a) average acceleration, (b) average speed,
(c) average velocity.

. 21 . .
A particle moves in a circle of radius R = > m with constant speed 1m/s. Find :

(a) magnitude of average velocity and (b) magnitude of average acceleration in 2 s.
A particle is moving in x-y plane. Attime ¢ =0, particle is at (1m, 2m) and has velocity 4+ 6}) m/s. At
t =4s, particle reaches at (6m, 4m) and has velocity (2i +10j) m/s. In the given time interval, find :

(a) average velocity,
(b) average acceleration and
(c) from the given data, can you find average speed?

Uniform Acceleration

(a) One dimensional motion

Two diamonds begin a free fall from rest from the same height, 1.0 s apart. How long after the first
diamond begins to fall will the two diamonds be 10 m apart? Take g =10m/s?.
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9.

10.

11.

12,

13.

14,

15.

- ’ The second
Co— initial velocity vy. on
Two bodies are projected vertically upwards from one point with 'thc sam::?lmtlﬂ
body is projected ¢ o S after the first. How long after will the bo'dnes mcbe I
A stone is dropped from the top of a tower. When it crosses a point 5 f"‘:h:t((:wer simuituncously. Find the
fall from a point 25 m below the top. Both stones reach the bottom 0
height of the tower. Take g =10m/s

: g=10m/s". ' '
e with constant acceleration. After time /4the

A point m ing i ight lin ,
. e g 18 € B Determine the time / from the

acceleration changes its sign, remaining the same in magr.lit'u.d& i
beginning of motion in which the point mass returns to the initial position. o ——
i wi

A football is kicked vertically upward from the ground and a student gazing O: tAoir r:sistancc may be
moving upwards past her at 5.00 m/s. The window is 15.0 m above the ground.
ignored. Take g =10m/s?,
(a) How high does the football go above ground? ) )
(b) How much time does it take to go from the ground to its highest point? .
A car moving with constant acceleration covered the distance between two points 60.0 m apart in
6.00 s. Its speed as it passes the second point was 15.0 m/s.
(a) What is the speed at the first point?
(b) What is the acceleration?
(c) At what prior distance from the first was the car at rest?
(d) Graph s versus t and v versus t for the car, from rest (1 = 0).
A train stopping at two stations 4 km apart takes 4 min on the journey from one of the station to the f)ther.
Assuming that it first accelerates with a uniform acceleration x and then that of uniform retardation y,
prove that L + L 2.

x )y
A particle moves along the x-direction with constant acceleration. The displacement, measured from a
convenient position, is 2m at time 7 =0 and is zero when ¢ =10s. If the velocity of the particle is
momentary zero when 7 = 65, determine the acceleration a and the velocity v when ¢ = 10s.

(b) Two or three dimensional motion

16.

17.

18.

19.

Net force acting on a particle of mass 2 kg is 10 N in north direction. At ¢ =0, particle was moving
eastwards with 10 m/s. Find displacement and velocity of particle after 2 s.
Attime ¢ = 0,a particle is at (2m, 4m). It starts moving towards positive x-axis with constant acceleration
2m/s? (initial velocity = 0). After 2 s an acceleration of 4 m/s? starts acting on the particle in nagaive
y-direction also. Find after next2s :
(a) velocity and (b) coordinates of particle.
A particle moving hl x-y piane is at origin at time 7 = 0. Velocity of the particle is (2§ — 4})m/s and
acceleration is (41 + j)m/s”.Find at =25 :
(a) velocity of particle and (b) coordinates ——
A particle starts from the origin at 1 =0 with a velocity of 80jm/s and moves in the x-y plane with a
constant acceleration of (4.0 + 2.0j)m/s?. At the instant the particle’s x-coordinate is 29 m what are :
(a) its y-coordinate and (b) its speed ? i .



20.

CHAPTER 3 Motion in One Dimension 113

At time 7 =0, the position vector of a particle moving in the x-y plane is 5i m. By time 1 = 0,02, its
position vector has become (5.1 + 0.4j) m determine the magnitude vay Of the average velocity during
this interval and the angle 8 made by the average velocity with the positive x-axis.

Non-uniform Acceleration

21.

22.

23.

24,

25.

26.

27.

x-coordinate of a particle moving along this axis is : x=(2+1* + 2% ). Here, x is in metre and / in
seconds. Find :

(a) position of particle from where it started its journey,
(b) initial velocity of particle and
(c) acceleration of particle at t =2,

The velocity of a particle moving in a straight line is decreasing at the rate of 3 m/s per metre of
displacement at an instant when the velocity is 10 m/s. Determine the acceleration of the particle at this

instant.

The position of a particle along a straight line is given by s= (1> — 9% —15r) m, here  is in seconds.

Determine its maximum acceleration during the time interval 0 < <10s.

The acceleration of a particle is given by a(#)=(3.00m/s? ) - (2.00 m/s> ).

(a) Find the initial speed v, such that the particle will have the same x-coordinate at 7 = 5.00s as it had at
t=0.

(b) What will be the velocity at = 5.00s?

A particle moves along a horizontal path, such that its velocity is given by v = (3t - 6¢) m/s, where ¢ is

the time in seconds. If itis initially located at the origin O, determine the distance travelled by the particle
in time interval from ¢ =0to # =3.5s and the particle’s average velocity and average speed druing the
same time interval.

A particle travels in a straight line, such that for a short time 2s <7 <6s, its motion is described by
v=(4/a)m/s, where a is in m/s?.If v=6m/s when f =2, determine the particle’s acceleration when
t=3s.

If the velocity v of a particle moving along a straight line decreases linearly with its displacement
from 20 m/s to a value approaching zero at s = 30 m, determine the acceleration of the particle when
s=15m.

Graphs
28. Displacement-time graph of a particle moving in a straight line is as shown in figure.
SA C
a b
d
(0] >t

29.

(a) Find the sign of velocity in regions oa,ab, bc and cd.
(b) Find the sign of acceleration in the above region.

Let us call a motion as :
M, - if velocity and acceleration both are positive.
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30.

31.

3a2.

Mechanics-|

M <> i velovity ix poxitive but aceeleration ix negative.
My~ it velocity and noceloration both are negative,

M, > i velocity ix nogative but nceelerntion is positive. . o e
(@) State, in which of the above four motions, magnitude of velocity 1s increasing sl i Wi i j

decreasing,

>/

(b) v-r graph of a particle moving in a straight line ix ns shown in Ilgurci The wlmlc; umph I8 tade up of
four straight lines 2, Q. R and S, These four straight lines indicate four lype of mations (M. .M )
discussed above. State, which straight line corresponds to which type of motion,

Velocity-time graph of u particle moving in a straight line is shown in figure, At time / = O,8=10m.
Plot corresponding a-f and s-¢ graphs.

v(nvs)

10}

Velocity-time graph of a particle moving in a straight linc is shown in figure. Attime / = 0,5 =20 m. Plot
a-t and s-1 graphs of the particle.
v(m/s) 4

20[--emmmemme e

—/\/10 12 15 16
-20 A

Velocity-time graph of a particle moving in a straight line is shown in figure. In the time interval from
(=0tor=14s, find:
v(mvs) 4
20 --------- ' )
Lo 10 12 14
3¢ \/ » 1)
A0} -l .

(a) average velocity and
(b) average speed of the particle
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33. Acceleration-time graph of a particle moving in a straight line is as shown in figure. At time 7 =0,
velocity of the particle is zero. Find :

a(m/s?) 4
20 ---m=mnmmees
|
10 A
i 012 14 o
B 11 ) U .
(a) average acceleration in a time interval from t=6stot=12s,

(b) velocity of the particle at r =14s.

34. Velocity-time graph of a particle moving in a straight line is shown in figure. At time ¢ = 0,displacement
of the particle from mean position is 10 m. Find :

(a) acceleration of particle at  =1s,3sand 9 s.
(b) position of particle from mean position at f =10s.
(c) write down s- equation for time interval :
(1) 0<r<2s, (ii) 4s<r <8s

Relative Motion

35. Two particles 1 and 2 are thrown in the directions shown in fi
and 20 n/s. Initially particle 1 is at height 20 m from the
direction, find :

gure simultaneously with velocities 5 m/s
ground. Taking upwards as the positive

(a) acceleration of 1 with respect to 2

(b) initial velocity of 2 with respect to 1

(c) velocity of 1 with respect to 2 after time 7 = 1/2s
(d) time when the particles will collide.

A person walks up a stalled 15 m long escalator in 90 s. When standin

moving, the person is carried up in 60 s. How much time would it take tha
escalator? Does the answer depend on the length of the escalator?

36. g on the same escalator, now

tperson to walk up the moving
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37.

38.

39.

41.

: S th!own vertl 'V Wldl initi ‘ty . At the sam
y i an m]tla] Velocl Of 18 m./S 3 e
ll i ‘ca“ qun.l’d ﬁom t.he 12 m le el : A l ‘

instant an open platform elevator passes the 5 m level, movin
Determine :
(a) when and where the ball will meet the elevator,
(b) the relative velocity of the ball with respect to . ‘le initi
An automobile and a truck start from rest at the same instfmt’ with t:; azutOI:l“:E;l eali:z:;a;gl:th:;n::
distance behind the truck. The truck has a constant acceleration of 2.2 m/s” an ed 60 m

. v ;
acceleration of 3.5 m/s . The automobile overtakes the truck when it ('t7m el s me
(a) How much time does it take the automobile to overtake the truck ?
(b) How far was the automobile behind the truck initially ?
(c) What is the speed of each during overtaking ? . .
A body is thrown up in a lift with a velocity u relative to the lift and the time of flight is 7. Show that the

wavs ; ; -1,
lift is moving up with an acceleration = p g

the elevator when the ball hits the elevator.

A river is 20 m wide. River speed is 3 m/s. A boat starts with velocity 2v/2 m/s at angle 45° from the river
current (relative to river)

(a) Find the time taken by the boat to reach the opposite bank. .
(b) How far from the point directly opposite to the starting point does the boat reach the opposite bank?

3 =¥ . - = - - .
Given | v;, | =4 m/s =magnitude of velocity of boatman with respect to river, v, =2 m/s in the direction
shown. Boatman wants to reach from point 4 to point B. At what angle 6 should he row his boat.

B

An aeroplane has to go from a point P to another point Q, 1000 km away
east at a speed of 200 km/h. The air speed of plane is 500 km/h.

(a) Find the direction in which the pilot should head the plane to reach the point Q.
(b) Find the time taken by the plane to go from Pto Q.

due north. Wind is blowing due

Objective Questions (Level 1)

Single Correct Option
1. A packet is released from a rising balloon accelerating upward with g . R
the stone just after the release is d acceleration a. The acceleration of
(a) aupward (b) g downward

(¢) (g ~a)downward (g
A ballis thrown vertically upwards from the ground. If 7, and 7, (d) (g + a)downward

: ; are the respective tj N in oninG
and coming down, and the air resistance is not ignored, then pee me taken in going up
@ T >T, (b) 7, =T, ©) 7, <1, (@) noBiing oae bo sl
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. The length of a seconds hand in watch is 1 cm. The change in velocity of its tip in 15 s is

(a) zero (b) 3?1:/5 cms ™! (c) 3—7:) cms ™! (d) 22 g

A particle moving along a straight line travels half of the distance with uniform speed 30 ms ™' and the
remaining half of the distance with speed 60 ms~'. The average speed of the particle is

(a) 45 ms™ (b) 42ms™! (c) 40 ms™ (d) 50 ms™'

A boat is moving with a velocity (3i + 4j) with respect to ground. The water in the river is moving with a

velocity - 3i - 4jwith respect to ground. The relative velocity of the boat with respect to water is

(@) 8j (b) - 6i - 8j (c) 6i +9j (d) zero

During the first 18 min of a 60 min trip, a car has an average speed of 11 ms™'. What should be the
average speed for remaining 42 min so that car is having an average speed of 21 ms ™" for the entire trip ?
(a) 25.3 ms™" (b) 29.2 ms™! (c) 31 ms™ (d) 35.6ms™!

A particle moves along a straight line. Its position at any instant is given by x =32/ - % where x is in

metre and 7 in second. Find the acceleration of the particle at the instant when particle is at rest.

(a) —16ms™ (b) —32ms™2 (c) 32 ms™? (d) 16 ms™

A car starts from rest and accelerates at constant rate in a straight line. In the first second the car covers a
distance of 2 m. The velocity of the car at the end of second (sec) will be

(@) 4.0ms™! (b) 8.0ms™ (c) 16ms™ (d) None of these

A particle is moving along x-axis whose position is varying with time according to the relation
x=-3f+1> where xis in metre and ¢ is in second. The displacement of particle forf =1sto s =3sis
(@) +16m (b) -16m (€)-+20m (d) -20m

The acceleration of a particle is increasing linearly with time ¢ as b7. The particle starts from the origin
with an initial velocity v,. The distance travelled by the particle in time ¢ will be

(a) v°r+%bt3 (b) vot+—;bt3 (© vot+§bt2 () vo,,»%b,z

Water drops fall at regular intervals from a tap 5 m above the ground. The third drop is leaving the tap,
the instant the first drop touches the ground. How far above the ground is the second drop at that instant.
(g=10ms?)

(@ 1.25m (b) 2.50 m (¢) 3.75m (d) 4.00 m

A stone is dropped from the top of a tower and one second later, a second stone
downward with a velocity 20 ms ™. The second stone will overtake the first after tra
(g=10ms™?)

(@) 13m (b) 15m (c) 11.25m ) 19.5m

When a ball is thrown up vertically with velocity Vo, it reaches a maximum height of 4. If one
wishes to triple the maximum height then the ball should be thrown with velocity

@ V3, (®) 3v, © 9v, (d) 3/2v,

A particle moves in the x-y plane with velocity v, =8¢
and y =4 at 1 =2s, the equation of the path is

@) x=y? - y+2 (b) x=y* -2 () x=y*+y-6 (d) None of these

is thrown vertically
velling a distance of

—2andv, =2.Ifit passes through the point x = 14
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15.

16.

17.

18.

19.

20.

21.

22.

23.

ing along a curved line are givenby x = 5 ang

: . ; article mov . ,
The horizontal and vertical displacements of a p with the horizontal is

. 45°
»=2t% + 1. Time after which its velocity vector makes an angle of 45 o Ly
(@) 05s (b) 1s (6 2 oot rtain planet (with
The height y and the distance x along the horizontal plane of projectile on ahcc ; p s6cond,’T il
surrounding atmosphere) are given by y = (8 — 5t2 ) metre and x = 6/ metre where 7 is in second, The

\Ez)ocgltryn So_fI projection is i — © 10 ms™) (d) data insufficient

A ball is released from the top of a tower of height / metre. It takes 7' second to reach the ground. What i
the position of the ball in 7/3 second ?

@ % metre from the ground (b) (7h/9)metre from the ground
9
(¢) (8W9)metre from the ground (d) (174/18)metre form the ground

An ant is at a corner of a cubical room of side a. The ant can move with a constant speed u. The minimum
time taken to reach the farthest corner of the cube is
3a V3a \/5_ a (d) M
(@ = ®) © == )
u u

A lift starts from rest. Its acceleration is plotted against time. When it comes to rest its height above its
starting point is

a(ms‘z)
. 2
5 2 8 12 — t(s)
-2
(a) 20m (b) 64 m () 32m (d) 36 m

A lift performs the first part of its ascent with uniform acceleration 4 and the remaining with uniform
retardation 2a. If ¢ is the time of ascent, find the depth of the shaft.

2 2 2
at? at at at
- b) — c) — —

@ % ®) = © 2 @ %

Two objects are moving along the same straight line. The

. Y cross a point 4 with an acceleration a,2aand
velocity 2u, u at time ¢ = 0. The distance moved by the o
2

i bjcict when one overtakes the other is
6u b) 2 ) i
(a) ry ( a © a @ “a
- A particle is to be fired

art at the same point from
at speed (relative to the cart) must the

A cart is moving horizontally along a straight line with constant speed 30 ms !
vertically upwards from the moving cart in such a way that it retumns to the ¢
where it was projected after the cart has moved 80 m. At wh,
projectile be fired? (Take g =10 ms 2)

= - oy 40
(a) 10ms™ (b) 108 ms™ {© 3 ms l (d) None of these
The figure shows velocity—time graph of a particle moving alon,

g  straight line. Identify the correct
statement.
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(a) The particle starts from the origin
(b) The particle crosses it initial position at  =2s

(c) The average speed of the particle in the time interval, 0 <t <2s is zero
(d) All of the above

24. Aballis thrown vertically upwards with a velocity v, . If the vertical downward direction is considered to

be positive, then the correct variation of velocity with time ¢ is represented by
Vv,

Vv,

(@

(c) _ (C)

-Vp

-Vo

25. A boy standing in an elevator accelerating upward throws a ball upward with a velocity v,. The ball
returns in his hands after a time #. The accéleration of the lift is

- 2v, + gt -gt
@ 28 ) 28 (0 =f @ rore
t t

A body starts moving with a velocity vy =10ms™. It experiences a retardation equal to 02v>. Its
velocity after 2s is given by

(@) +2ms™! (b) +4ms™ (c) =2ms™ (d) + 6ms™!
27. Two trains are moving with velocities v, =10ms™" and v, =20ms™

26.

on the same track in opposite
directions. After the application of brakes if their retarding rates are a =2ms™ and a, =1ms™

respectively, then the minimum distance of separation between the trains to avoid collision is
(a) 150 m (b) 225m (c) 450 m (d) 300 m
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28,

29,

30.

31,

32.

33.

34.

35.

36.

Two identi ; : interval of 28 along the same vertical line with
T\ identical balls are shot upward one after anather at an inter val

same initial velocity of 40ms ', The height at which the balls collide is .
S 00m "
(@) S0wm (b 7S m (0) 100m i ;
A particle is projected vertically upwards and reaches the maximum height // intime 7', The height of the
particle at any time ¢ will be | " 0 H | (-1
@ e-1)? o H-g@-T) ©) g0-T) ORI 2%
2

2 / ) ;

A particle moves along the curve y = "T Here x varies with time as x = E Where x and y are meusured

in metre and £ in second. At 7 = 25, the velocity of the particle (in ms )i L

@ A -4j () 20+ 4] (©) 4 +2] (d) 4 -2j

I'the displacement of'a particle varies with time as vx = + 3

(@) velocity of the particle is inversely proportional to

(®) velocity of particle varies lincarly with ¢

(¢) velocity of particle is proportional to v/

(d) initial velocity of the particle is zero

The graph describes an airplane’s acceleration during its take-off run. The airplane’s velocity when it
lifts ofYat 1 =20s is

¥ 2

(a) 40 ms" (b) S0 ms™! (c) 90 ms™! (d) 180 ms—l

A particle moving in a straight line has velocity-displacement equation as v = 5J/1+5. Here vis inms™’
and s in metre. Select the correct alternative.

(a) Particle is initially at rest

(b) Initially velocity of the particle is 5 m/s and the particle has a constant acceleration of 12.5 ms >
(¢) Particle moves with a uniform velocity

(d) None of these

A particle is thrown upwards from ground. It experiences a constant resistance fo

A : ; rce which can produce a
retardation of 2 ms . The ratio of time of ascent to time of descent is(g=10ms™ )
2 2 3
01 ®) = c) = =
@)1 3 © 3 (d) J;

A river is flowing from west to east with a speed of 5 m min "~
velocity 10 mmin ™. In which direction should the man swim
go to the south?

(a) 30° castof'south  (b) 30° west of south (c) South

A body of mass 10 kg is being acted upon by a force 3¢ and an o
initial speed is 10 ms ™' The velocity of body after 5 s is
(@) 14.5ms™ (b) 6.5ms™ (¢) 3.5ms™!

1 i n g .
- A man can swim in still water with a
$0 as to take the shortest possible path to

(d) 30° west of north
Pposing constant force of 32 N. The

(d) 4.5 ms™!
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37. A stoneis thrown vertically upwards. When stone is at a height half of its maximum height, its speed is
10 ms~'; then the maximum height attained by the stone is (g =10ms )
(a) 25m (b) 10m (c) 15m (d) 20m
38. A ball is thrown vertically upwards from the ground and a student gazing out of the window sees it

moving upward past him at 10 ms ™' . The window is at 15 m.2have the ground level. The velocity of ball
3 s after it was projected from the ground is [Take g =10ms ]

(a) 10 m/s, up (b) 20ms™ ', up (c) 20 ms™", down (d) 10ms™", down

JEE Corner

Assertion and Reason
Directions :  Choose the correct option.

(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion.
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion.
(c) If Assertion is true, but the Reason is false.

(d) If Assertion is false but the Reason is true.
1. Assertion : Velocity and acceleration of a particle are given as,

- A A - ~ ~
v=i-jand a=-2i +2j

This is a two dimensional motion with constant acceleration.
Reason : Velocity and acceleration are two constant vectors.
2. Assertion : Displacement-time graph is a parabola corresponding to straight line velocity-time graph.

1
Reason : If v=u + at,then s=ut + 5at2

3. Assertion : In v-# graph shown is figure, average velocity in time interval from 0

Vi
1, to depends only on v;. It is independent of £,. 0

o W
Reason : In the given time interval average velocity is 70

4. Assertion : We know the relationa =v. ;ﬂ Therefore, if velocity of a particle is
s

zero, then acceleration is also zero.
Reason : In the above equation, a is the instantaneous acceleration.

5. Assertion : Speed of a particle may decrease, even if acceleration is increasing.
Reason : This will happen if acceleration is positive.

6. Assertion : Starting from rest with zero acceleration if acceleration of particle increases at a constant rate
of 2 ms™ then velocity should increase at constant rate of 1ms 2

Reason : For the given condition.

7. Assertion : Average velocity can’t be zero in case of uniform acceleration.
Reason : For average velocity to be zero, velocity should not remain constant.
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8.

10.

11.

12,

Assertion : In displacement-time graph of a particle as shown in figure. Velocity of particle changes its

direction at point 4.
o B

t
0

Reason : Sign of slope of s-f graph decides the direction of velocity. o X
Assertion : Displacement-time equation of two particles moving in a straight line are, s, =2f —4¢* and
5, ==2t + 412, Relative velocity between the two will go on increasing.

Reason : If velocity and acceleration are of same sign then speed will increase. S
Assertion : Acceleration of a moving particle can change its direction without any change in direction of
velocity. .

Reason : If the direction of change in velocity vector changes, the direction of acceleration vector also
changes.

Assertion : A body is dropped from height 4 and another body is thrown vertically upwards with a speed
Jgh. They meet at height 1/2.

Reason : The time taken by both the blocks in reaching the height #/2 is same.

Assertion : Two bodies of unequal masses m, and m, are dropped from the same height. If the resistance

offered by air to the motion of both bodies is the same, the bodies will reach the earth at the same time.
Reason : For equal air resistance, acceleration of fall of masses m, and m, will be different.

Objective Questions (Level 2)
Single Correct Option

1.

When a man moves down the inclined plane with a constant speed 5 ms ™! which makes an angle of 37°
with the horizontal, he finds that the rain is falling vertically downward. When he moves up the same

inclined plane with the same speed, he finds that the rain makes an angle 9:tan"(%) with the

_horizontal. The speed of the rain is

@ J116ms™ ®) V32ms™ © Sms™! @ VT3 ms™
. . dv _
Equation of motion of a body is i 4v+ 8 where vis the velocity in ms ™' and s the time in second.

Initial velocity of the particle was zero. Then

(a) the initial rate of change of acceleration of the particle is 8 ms 2
(b) the terminal speed is 2 ms ™!

(c) Both (a) and (b) are correct

(d) Both (a) and (b) are wrong

- Two particles 4 and B are placed in gravity free space at (0, 0, 0)m and (30, 0, 0)m respectively. Particle

A is projected with a velocity (5i + 10§+ 5k) ms™!
(10i + 5j + 5k )ms ™" simultaneously. Then

(a) they will collide at (10, 20,10)m

(b) they will collide at (10, 10, 10) m

(c) they will never collide

(d) None of the above

» While particle B is projected with a velocity
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Velocity of the river with respect to ground is given by v,. Width of the river /

is d. A swimmer swims (with respect to water) perpendicular to the current

with acceleration a = 2¢ (where ¢ is time) starting from rest from the origin O

att=0 Th;: equation of trajectory of the path followed by the swimmer is
2

x x
a =— b —_— 0 X
(@ y ” (d) y 2

(© y=— (d y=Jz
Vo Vo

- Vo

. The relation between time  and displacement x is ¢ = ax? + Bx where o. and B are constants. The

retardation is
(@) 2av° (b) 2pv° (©) 20pv® (@ 2p*’°

A street car moves rectilinearly from station 4 to the next station B with an acceleration varying
according to the law f =a - bx, where aand b are constants and xis the distance from station A. The
distance between the two stations and the maximum velocity are 7

a

a b a a b a
ﬁ (b) x=Zstax=; (C) x=‘£tvmnx ='1/_;‘ (d) x=z’vmax=_b'

A particle of mass m moves on positive x-axis under the influence of force acting towards the origin
given by — kx?i. If the particle starts from rest at x = g, the speed it will attain when it crosses the origin is

k % %a’
@ \/— ®) ,/— © == C) ,/—
ma ma 2k m
A particle is moving in XY plane such thatv, =4 + 4rand v, = 4¢. If the initial position of the particle is

(1, 2). Then the equation of trajectory will be
@ »* =4x (b) y=2 © =2 (d) None of these

2a
(a) X=T,anx =

A particle is moving along a straight line whose velocity-displacement
graph is as shown in the figure. What is the magnitude of acceleration when
displacement is 3 m ?

(a) 443 ms™ (b) 33 ms™ P
4 ia0s
-2 : d -2 160%).
(c)\/gms ()_\Bms Ty

A particle is falling freely under gravity. In first r second it covers distance x; and in the next ¢
second it covers distance x,

, then ¢ is given by
(a) ’ﬂ (b) ’m (© ’M () ’2(x2_+x,)
g 4 4 g

A rod 4B is shown in figure. End 4 of the rod is fixed on the ground. Block is moving with velocity 2

ms ™' towards right. The vertical component of velocity of end B of rod at the instant shown in figure is
B

. . v=2ms"
A

(a) V3ms™ (b) 2ms”' (c) 2/3ms™ (d) 4ms™!
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peed of 90 kmh ~!. A motorcycle cop,

; i s
12." A thiefin a stolen car passes through a police chefzk postat his t:eI:i being108 kmh . Find the maximum
reacting after 2 s, accelerates from rest at 5 ms . His top Sp
S i i thief.
STt g5 (@ oot

13.

14,

15.

16.

: . 0 gir
Sachin (S) hits a ball along the ground with a speed uina direction which makes an angle 30° with the

u
; ; 1l with a speed —. At what angle 0
line Joining him and the fielder Prem (P). Prem runs to intercept the ba p 3

should he run to intercept the ball ?

2ul3

. 1|4
(a) sin 4[@] (b) sin"[%] (c) sin™" B] (d) sin ’[‘5']

. $i = | .
Acaristravellingona straight road. The maximum velocity the car can attainis 24 ms ™ . The maximum

acceleration and deceleration it can attain are 1 ms 2 and 4 ms ™ respectively. The shortest time the car
takes from rest to rest in a distance of 200 m is,

(a) 22.4s (b) 30s (c) 11.2s (d) 565

A car is travelling on a road. The maximum velocity the car can attain is 24 ms~! and the maximum
deceleration is 4 ms 2. If car starts from rest and comes to rest after travelling 1032 m in the shortest time
of 56 s, the maximum acceleration that the car can attain is

(@) 6ms™? (b) 1.2 ms™2 (c) 12ms™2 (d) 3.6 ms™

Two particles are moving along two long straight lines, in the same plane with same speed equal to
20cms ™. The angle between the two lines is 60° and their intersection point is O. At a certain moment,
the two particles are located at distances 3m and 4m from O and are moving towards O. Subsequently,
the shortest distance between them will be

(a) 50 cm (b) 40V2 cm (© S0vZem (d) 50¥3 cm

Passage: Q17to 20

17.

18.

19.

20.

An elevator without a ceiling is ascending up with an acceleration of 5ms™2, A boy on the elevator
shoots a ball in vertical upward direction from a height of 2 m above the floor of elevator. At this instant
the elevator is moving up with a velocity of 10 ms ™, and floor of the elevator is at a height of 50 m from
the ground. The initial speed of the ball is 15ms™ with respect to the elevator. Consider the duration for

which the ball strikes the floor of elevator in answering following questions. (g=10ms™ )
The time in which the ball strikes the floor of elevator is given by
(@) 2.13s (b) 2.0s (¢) 1.0s ) 3.12s
The maximum height reached by ball, as measured from the ground would b

e
(a) 73.65m (b) 116.25m (c) 82.56 m (d) 63.25m
Displacement of ball with respect to ground during its flight would be
(a) 16.25m (b) 8.76 m (c) 2024 m (d) 30.56 m
The maximum separation between the floor o .

(©) 95m @) 7.5m
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Passage: Q21to Q23

21.

22,

23.

A situation is shown in which two objects 4 and B start their motion
from same point in same direction. The graph of their velocities Us
against time is drawn. u , and u are the initial velocities of 4 and B
respectively. T is the time at which their velocities become equal after
start of motion. You cannot use the data of one question while solving ~ ua

another question of the same set. So all the questions are independent
of each other.

Velocity of A_~7

Velocity of B

If the value of T'is 4 s, then the times after which 4 will meet B is

(a) 125 (b) 6s (c) 8s (d) data insufficient
Letv, and vy be the velocities of the particles 4 and B respectively at the moment 4 and B meet after
start of the motion. If u; =5ms™ and up =15ms™", then the magnitude of the difference of velocities
vy and vy is

(a) S5ms™ (b) 10ms™ () 15ms™ (d) data insufficient
After 10 s of the start of motion of both objects 4 and B, find the value of velocity of 4 ifu , =6ms™
ug =12ms™' andat T velocity of Ais8 ms™ and T =45

(@) 12ms™ (b) 10ms™" (c) 15ms™ (d) None of these

More than One Correct Options

1.

A particle having a velocity v=v, at r =0 is decelerated at the rate |a|= /v, where o is a positive

constant.
2 \‘ VO

o
(b) The particle will come to rest at infinity.

(a) The particle comes to rest at # =

3/2
(c) The distance travelled by the particle before coming to rest is o
o

2,32

(d) The distance travelled by the particle before coming to rest is —2

3a

At time # =0, a car moving along a straight line has a velocity of 16 ms™. It slows down with an
acceleration of — 0.57 ms ~, where # is in second. Mark the correct statement (s).

(a) The direction of velocity changes at t =8s

(b) The distance travelled in 4 s is approximately 58.67 m
(c) The distance travelled by the particle in 10 s is 94 m
(d) The speed of particle at # =105 is 9 ms ™'

. . = . - .
An object moves with constant acceleration a. Which of the following expressions are also constant ?

-

dl X

div| dv d(?) I'vi

s ) b) [ — e— NN
(@) dr ®) dt © dt @ dt
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4.

10.

; ity of 20 kmh ™" towards the
Ship 4 is located 4 km north and 3 km east of ship B. Ship A ha; 3 vte l:)\’c :r):do)’ -axes are along east and
south and ship B is moving at 40 kmh ™' in a direction 37° north of east.

north directions, respectively = A
(a) Velocity of 4 relative to B is — 32i —44j ]
(b) Position of 4 relative to B as a function of time is given by

F=(3-320)i+(4-441)]

(c) Velocity of A relative to B is 32} — 44j R .
(d) Position of 4 relative to B as a function of time is given by (32/i —441j)

Starting from rest a particle is first accelerated for time ¢, with constant accelerz}tlon a; and then :lOPS n
time 7, with constant retardation a,. Let v, be the average velocn(y in this case alnd ts_, t 22 totac:
displacement. In the second case it is accelerating for the same time ¢, with constant acceleration 24, an

come to rest with constant retardation a, in time 5. If v, is the average velocity in this case and s, the
total displacement, then

(@) v, =2y, (b) 2v, <v, <4y, (c) 5, =25 (d) 25, <5, <4s

A particle is moving along a straight line. The displacement of the particle becomes zero in a certain time
(t > 0). The particle does not undergo any collision.

(a) The acceleration of the particle may be zero always

(b) The acceleration of the particle may be uniform

(c) The velocity of the particle must be zero at some instant

(d) The acceleration of the particle must change its direction

A particle is resting over a smooth horizontal floor. At ¢ =0, a horizontal Y

force starts acting on it. Magnitude of the force increases with time 2 3
according to law F =at, where o is a positive constant. From figure,
which of the following statements are correct ?

(a) Curve 1 can be the plot of acceleration against time
(b) Curve 2 can be the plot of velocity against time

(c) Curve 2 can be the plot of velocity against acceleration
(d) Curve 1 can be the plot of displacement against time 5
A train starts from rest at S =0and is subjected to acceleration as (073
shown 6
(a) velocity at the end of 10 m displacement is 20 ms ™!

(b) velocity of the train at S =10m is 10 ms ™!

(c) The maximum velocity attained by train is /180 ms™!

(d) The maximum velocity attained by the train is 15 ms-!

0o > X

30 S(m)
For a moving particle which of the following options may be
correct?
-
(@) I_V)’Vl <Vay (b) Iv""]>vav (c) -\"uv =0but v

.
a0 (d) Vav # Obut Vau =0
g the motion of a particle alo

acceleration ng a Stralghl line with constant
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12.
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v, v,
(a) (b) (©) (d)
t t t t

A man who can swim at a velocity v relative to water wants to cross a river of width b, flowing with a
speed .

(a) The minimum time in which he can cross the river is L
v

(b) He can reach a point exactly opposite on the bank in time ¢ = % ifv>u
22
vV —u

(¢) He cannot reach the point exactly opposite on the bank if u > v
(d) He cannot reach the point exactly opposite on the bank if v > u

The figure shows the velocity (v) of a particle plotted against time (7). Y :
(a) The particle changes its direction of motion at some points o 7/ t
(b) The acceleration of the particle remains constant 2T

(c) The displacement of the particle is zero
(d) The initial and final speeds of the particle are the same
The speed of a train increases at a constant rate a. from zero to vand then remains constant for an interval

and finally decreases to zero at a constant rate p. The total distance travelled by the train is /. The time
taken to complete the journey is 7. Then

(o +P) ~Lg¥Lgl)
(a)l—_u[3 (B).4 v+2[a+ﬁ]
(¢) ¢ is minimum when v = (zl(j';) (d) tis minimum when v= (ik_:g)

A particle moves in x-y plane and at time ¢ is at the point (¢ 2,13 ~21),then which of the following is/are
correct?

(a) At ¢ =0, particle is moving parallel to y-axis

(b) At ¢ =0, direction of velocity and acceleration are perpendicular.

(c) Atr = Jg, particle is moving parallel to x-axis.

(d) Atr =Q particle is at rest.

A car is moving with uniform acceleration along a straight line between two stops X and Y . Its speed at X
and Y are 2ms ™' and 14 ms™', Then

(a) its speed at mid-point of XY is 10 ms™
(b) its speed at a point A such that X4 : AY =1:3is Sms~
(c) the time to go from X to the mid-point of XY is double of that to go from mid-point to ¥

(d) the distance travelled in first half of the total time is half of the distance travelled in the second half of

the time
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Match the Columns
1. Match the following two columns.

Column I Column II
a . .
a (p) speed must be increasing
o'—_
(b) ’ L+ i(q) speed must be decreasing
© ) { (r) speed may be increasing
‘ g .
s .
(@ f (s) speed may be decreasing
t

2. Match the following two columns.

T

Column I ( Column II

|
@ v=-2i,a=-4j E(p) speed increasing
(b) v=2i,a=2i+2j f(q) speed decreasing

(© v=-2i,a=4+2i ;f(r) speed constant

@ v=21,a=-2i+2j s(s) Nothing can be said

3. The velocity-time graph of a particle moving along X-axis is shown in figure. Match the entries of
Column I with entries of Column I

v
C
B
D
A t
E

(_ RN = oy

Column I | ; Column I1

(a) For 4B, particleis  (p) Moving in +ve X-d

irection with increasing speed

(b) For BC, particle is }(q) Moving in +ve X-

(c) ForCD, particle is I(r) Moving in
(d) For DE, particle is }

direction with decreasing speed
| —ve X-direction with increasing speed
§ !(:s;) Moving in +ve X-

dir?f}iop with decreasing speed
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4. Corresponfiing to velocity-time graph in one dimensional motion of a particle is shown in figure, match
the following two columns. ’

Column I

(a) Average velocity between
zerosecand 4 s

Column II

() 10 SI units

(b) Average acceleration between {(q) 2.5 SI units

lsand4s

(c) Average speed between zero
secand 6 s

(r) 5 SI units

(d) Rate of change of speed at4 s i(s) None

5. A particle is moving along x-axis. Its x-coordinate varies with time as :

x=-20+5¢2

For the given equation match the following two columns

Column I

(a) Particle will cross the origin at

(b) At what time velocity and
acceleration are equal

(c) At what time particle changes
its direction of motion

(d) At what time velocity is zero

Column II

(p) zero sec
(@ 1s

(r) 2s

(s) None

6. xand y-coordinates of particle moving in x - y plane are,
x=1-2t+t*and y=4-4t+1>

For the given situation match the following two columns.

Column I

(a) y-component of velocity
when it crosses the y-axis

(b) x-component of velocity
when it crosses the x-axis

(c) Initial velocity of particle

Column II
(p) + 2SI unit

(q) - 2SI units

(r) + 4 Sl units

(d) Initial acceleration of particle |(s) None
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Subjective Questions (Level 2)

1.

To test the quality of a tennis ball, you drop it onto the floor from a hgig'ht . 4;;02 :lc'citlgzz(i):: gi:i?)a
height of2.00 m. If the ball is in contact with the floor for 12.0 ms, what is its averag g

that contact? Take g=9.8m/s%.

The acceleration-displacement graph of a particle moving in a str.aight line is a: t;howlx‘lt ml :iiiuri, 1l;mlal
velocity of particle is zero. Find the velocity of the particle when displacement of the particle 1s s = 12 m.

a (m/s?)

1

> s (m)

0 12

- Atthe initial moment three points 4, Band C are on a horizontal straight line at equal distances from

one another. Point 4 begins to move vertically upward with a constant velocity v and point C
vertically downward without any initial velocity but with a constant acceleration a. How should
point B move vertically for all the three points to be constantly on one straight line. The points
begin to move simultaneously.

A particle moves in a straight line with constant acceleration a. The displacements of particle from origin
in times 1, , ¢, and 1, are s;, s, and s; respectively. If times are in AP with common difference 4 and

_ 2
displacements are in GP, then prove that @ = M

d
A car is to be hoisted by elevator to the fourth floor of a parking garage, which is 14 m above the ground.
If the elevator can have maximum acceleration of 0.2 m/s? and maximum deceleration of 0.1 m/s2and
can reach a maximum speed of 2.5 m/s, determine the shortest time to make the lift, starting from rest and
ending at rest.

To stop a car, first you require a certain reaction time to begin braking; then the car slows under the
constant braking deceleration. Suppose that the total distance moved by yo
is 56.7 m when its initial speed is 80.5 km/h and 24.4 m when its initia] speed is 48.3 km/h. What are :
(a) your reaction time and : 2

(b) the magnitude of the deceleration?

(a) What maximum height above the ground does the ba]] reach?
(b) How long does the ball take to return to the elevator floor?
A particle moves along a straight line and its veloci
¢ in second. Find :

(a) average velocity and

(b) average speed for first five seconds,

ty depends on time as y = 3; — 1% Here, vis in m/s and
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The acceleration of particle varies with time as shown.
a(m/s?) 4

/1/ —>1(s)
-2

(a) Find an expression for velocity in terms of 1.

(b) Calculate the displacement of the particle in the interval from ¢=2s
Assume that v=0at s =,

to r=4s.

A man wishes to cross a river of width 120 m by amotorboat. His rowing speed in still water is 3 m/s
and his maximum walking speed is 1 m/s. The river flows with velocity of 4 m/s.

(2) Find the path which he should take to get to the point directly opposite to his starting point in the
shortest time.

(b) Also, find the time which he takes to reach his destination.

The current velocity of river grows in

proportion to the distance from its bank and reaches the maximum
value v,

in the middle. Near the banks the velocity is zero. A boat is moving along the river in such a
manner that the boatman rows his boat always perpendicular to the current. The speed of the boat in still
water is . Find the distance through which the boat crossing the river will be carried away by the current, if
the width of the river is ¢. Also determine the trajectory of the boat.

The v-s graph for an airplane travelling on a straight runway is shown. Determine the acceleration of the
plane at s = 50 mand s = 150 m. Draw the a-s graph,
v(m/s) 4
50 ...............
40f----=+

1(I)0 200
A river of width a with straight parallel banks flows due north with speed u. The points O and A4 are on
opposite banks and 4 is due east of O. Coordinate axes Ox and Oy are taken in the east and north
directions respectively. A boat, whose speed is v relative to water, starts from O and crosses the river. If

. Voo
the boat is steered due east and u varies with x as : u = x(a - x) —-Find::
a

(a) equation of trajectory of the boat,

(b) time taken to cross the river,

(c) absolute velocity of boatman when he reaches the opposite bank,

(d) the displacement of boatman when he reaches the opposite bank from the initial position.

R
A river of width @ is flowing with a uniform velocity v. A boat starts moving from point P \
also with velocity v relative to the river. The direction of resultant velocity is always —o—
perpendicular to the line joining boat and the fixed point R. Point Q is on the opposite side of
the river. P, O and R are in a straight line. If PQ =R = o, find :

(a) the trajectory of the boat,
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15.

16.

17.

18.

19.

20.

(b) the drifting of the boat and
(c) the time taken by the boat to cross the river.

The v-s graph describing the motion of a motorcycle i
motion and determine the time needed for the motorcyc

v (m/s)

s shown in figure. Construct the a-s graph of the
le to reach the position s =120 m. Givenln 5=16

15

The jet plane starts from rest at s = 0and is subjected to the acceleration shown. Determine the speed of

the plane when it has travelled 60 m.
a (m/s?)

225

150 ™

A particle leaves the origin with an initial velocity 7:(3.00?) m/s and a constant acceleration

a= (~1.00i — 0.500}) m/s%. When the particle reaches its maximum x coordinate, what are
(a) its velocity and
(b) its position vector?

The speed of a particle moving in a plane is equal to the magnitude of its instantaneous velocity,

&
v=[v|=yv} +v}.

(a) Show that the rate of change of the speed is dv/dt = (vea, + v,a,)/ ,vf + Vi .

(b) Show that the rate of change of speed can be expressed as g/ df = 7.;/‘;, and use this result to
explain why dv/dt is equal to a, the component of a that is parallel to v.

A man with some passengers in his boat, starts perpendicular to flow i ; :
with 2 m/s. Speed of boat in still water is 4 m/s. When he reaches half (t)lfenv‘:':?;t]zuogf T:I}VW“:; e owing
asked him that they want to reach the just opposite end from where they have started o e passengers
(a) Find the direction due which he must row to reach the required end started.

(b) How many times more time, it would take to that if he ’
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A launch plies between two points 4 and B on the opposite banks of a B
river always following the line 4B. The distance S between points 4 and
Bis 1200 m. The velocity of the river current v=1.9 mJs is constant over

the entire width of the river. The line 4B makes an angle o = 60° with the . -
direction of the current. With what velocity « and at what angle B to the B

line AB should the launch move to cover the distance AB and back in a o

time 7 = Smin? The angle B remains the same during the passage from 4 A

to B and from B to 4.

: . .V

The slopes of wind screen of two cars are o, =30°and o, =15° respectively. At what ratio —L of the
2

velocities of the cars will their drivers see the hail stones bounced back by the wind screen on their cars in

vertical direction? Assume hail stones fall vertically downwards and collisions to be elastic.

A projectile of mass m is fired into a liquid at an angle 8, with an initial velocity v, as shown. If the liquid

develops a frictional or drag resistance on the projectile which is proportional to its velocity, i.e., FF =—kv
where kis a positive constant, determine the x and y components of its velocity at any instant. Also find is
the maximum distance x,,, that it trayels?

A man in a boat crosses a river from point 4. If he rows perpendicular to the banks he reaches point
C(BC =120m)in 10 min. If the man heads at a certain angle a to the straight line 4B (4B is perpendicular
to the banks) against the current he reaches point B in 12.5 min. Find the width of the river w, the rowing
velocity u, the speed of the river current v and the angle .. Assume the velocity of the boat relative to
water to be constant and the same magnitude in both cases.
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Answers I

Intrnducton/ Exercise 3.1 o5
L True 2, & (downwards) 3. %cm/S. 15 G0/ .
i ion), yes
4. (a) Yes, in uniform circular motion (b) No, yesz(pro]ectznlt:n r;‘;t' »Yy
» (@ 25135 (b) 1cm/s, 0.9 cm/s, 0.23cm/s? 6. 5.

Introductory Exercise 3.2 1
ry 1 i1 12 =(u-1)+ (at)(l)- - 3(1)2
1. acceleration 2, §= {ut +3 atz} - {u(t -D+ 2 at-1) 2 ¥
. 25,65,2(2+ S

3. Yes, in simple harmonic motion 4. t7/4,t-¥¢ 5. 60 m, IOOH'; 6 5'5 11. 207 m/s, 4¥3 m

7. u+ %at 8. True 9, 25my/s (downwards)  10. (a) 1m/s® (b) 43.5m
12, (2j) my/s2, @i+ m.yes  13. (a) x* =4y (b) (2i + 2fj)units (c) (2j)units
Introductory Exercise 33

1 v, 8, and a,, are positive while v, is negative
2.

Velocity (m/s)

KE

mghf=------

'
i
' b
4. (2+3)s
Introductory Exercise 3.4
1. zero 2. straight line passing through origin 3. (@ 40s (b) 80 m
4. (a) sin™! (113) eastoftheline AB (b) 50 min 5. 8m

tim:(s)

AIEEE Corner

Subjective Questions (Level 1)

1. (2)100km (b)66.67kmh 2. (a)10 ms-! (®)22ms? 3 (ay16.67 ms™! (b)10 ms~!(downwards)
4. T=4t 5. (a)zero (b)8ms™ (c)8ms-! 6. (a) ‘Zif_:" M (b) (V3/2) me-2
7. @ A251 + 05))ms™(b) (- 051+ Jyms? (cyNo 8155 g Y%, %0 10, a5

g

11 G414t 12.(a)1625m (b)1.8s 13, @5ms™ (b)1.67 ms-2

15. 0.2 ms2, 0.8 ms-!
16. 105 m at cos™/(2) from east towards north, 10v2 ms-1at 45 from ea
17. @@i-8)ms™? (0)18m,-4m) 1g, @01 - 2y mg-1
19. (@45m (b)22ms™ ' 20, 206 ms~, tan-Y(a)

22. -30ms? 23, 42mg2 24. (a) 0.833 ms-!

©)7.5m

st towards north.
(b) (12 m, - 6m)
2L @)x=20m

(b)zero (c) 26 ms—2
(b)- 917 mg-t

25. 14.125 1.75ms™1 4,03 ms-!



26.
28.
29.

30.

32,
34,
35.
37.

38

41.
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0.603ms?  27. (- 20/3) ms™2

(a) positive, positive, positive, negative (b) positive, zero, negative, negative
(a) In M, and M3 magnitude is increasing, in M, and M, magnitude is decreasing
(b)P >M;Q - MyR 5 My, S 5 M,

a(ms=) 3. a(ms?)
SI—. 4 8 ‘OI"'T—*. ™ 14

e >t (s
_,oy...:t_tunz; W

s(m)
468 1'01'214

> t(s)

(a)(50/7) ms™ (b)10ms™  33. (a)5ms2 (b)90 ms!

(@) 5 ms™?, zero, 5ms? (b)s=30m (c) (i)s=10+ 2.5t2 (ii)s=40+ 10(t - 4) - 2.5 (t - 4)
(a)zero (b)25ms™ (c)-25ms™! (d)0.8s 36. 365, No
(@) 3.65 s, at 12.30 m level (b) 19.8 ms™! (downwards)

. (@)7.39s (b)35.5m (c)automobile 25.9 ms™}, truck 16.2 ms™'  40. (a) 10s (b) 50 m

45¢°- sin“( 2\1/.5) ~24.3° 42. (a) at an angle 6 = sin"'(0.4) west of north (b) —IJ%)-—I h

Objective Questions (Level 1)

1.(b) 2.(c) 3.(d) 4.(c) 5.(c) 6.(a) 7.(b) 8.(b) 9.(c) 10.(a)

11.(c) 12.(c) 13.(a) 14.(a) 15.(b) 16.(c) 17.(c) 18.(c) 19.(b) 20.(b)
21.(a) 22.(c)  23.(b) 24.(d) 25.(a) 26.(a) 27.(b) 28.(b) 29.(d) 30.(b)
31.(b) 32.(c) 33.(b) 34.(b) 35.(b) 36.(b) 37.(b) 38.(d)

JEE Corner
Assertion and Reason
1.d) 2.(d) 3.(2) 4.(d) 5.(c) 6.(d) 7.(d) 8.(d) 9.(d) 10.(a.b)
11.(a) 12.(d)
Objective Questions (Level 2)
1.(b) 2.(b) 3.(c) 4.(a) 5.(a) 6.(a) 7.(d) 8.(d) 9.(a) 10.(a)

11.(c) 12.(a) 13.(c) 14.(a) 15.(b) 16.(d) 17.(a) 18.(c) 19.(d) 20.(c)
21.(c) 22.(b) 23.(d)

More than One Correct Options

1.(a,d) 2.(all) 3.(b) 4.(a,b) 5.(ad) 6.(bc) 7.(ab) B8.bc) 9.ac) 10.(a.d)

11.(ab,c) 12.(all) 13.(b,d) 14.(a,bc) 15.(ac)
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Match the Columns
L @ars ®ars (ap (d)-q

2 s p  b)yap (¢) > q (d-q

3. (@) -p b)-p (c)>q (d)->r

4 @ O @M @0

5. @M M@ (o) (d)-P)

6. @@ ®-(P) ()(s) (d)=(s)
Subjective Questions (Level 2)

1. 126 x10° ms? (upward) 2. 43 ms* "

3. B moves up with initial velocity % and downward acceleration - 2 5.205s

6. (074s()6.2ms? 7. (a)76m(b)42s 8. (a)- 0.833ms”!(b) 2.63 ms”!

9. (av=1t*-2t(b)6.67m  10. (a) 90° + sin"{(3/5)from river current (b)2 min 40s

2 iy 2

1. %/3_ YR = % 12. 8ms?,45ms?  13. (a)y = .;_a = ix:_f (b)g (c)v (due east) (d) ai+ 3

1317 0
v

17. (a)(-15))ms™ (b) (451-225))m

14. (a)circle (b) V3 o (c) 15. 12.0s  16. 46.47 ms™!

4
19. (a) Atan angle (90° + 2 ) from river current (upstream). Here : 6 = tan“(%) (b) 3

20. 37°,3min  21.u=8ms'p=12° 22. % =3
2

L mv cos 6
23. v, =vycos0pe My, = -’;—7[[% Vo Sin6g + g)e m - g] Xy = :

24. 200 m, 20 m min™}, 12 m min"}, 36°50'.

Chapter — 4 Projectile Motion
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lm Projectile Motion y

If a constant force (and hence constant acceleration) acts on a parti
direction of its initial velocity (# zero), the path followed by Fhe pa.rtlc
particle is called projectile motion. Projectile motion is a two dimensiona
constrained in a plane. ;

cle at an angle 0 (# 0°or 180°) with the
I¢ is a parabola and the motion of the
| motion, i.e., motion of the particle is

-
u

(b) (c)

(@

When a particle is thrown obliquely near the earth’s surface it moves in a parabolic path, provided the
particle remains close to the surface of earth and the air resistance is negligible. This is an example of
projectile motion. The different types of projectile motion we come across are shown in Fig. 4.].

In all the above cases acceleration of the particle is g v
downwards. T

Let us first make ourselves familiar with certain terms used in
projectile motion.

Fig. 4.2 shows a particle projected from the point O with an
initial velocity « at an angle a with the horizontal, It goes through the
highest point 4 andfallsaIBmd:chmimmalmrfacethrough O. The
p(inisalledﬂnepdntofpmjecﬁon,mangleaiscaUedﬂleangle
of projection, the distance OB is called the horizontal range (R) or
simply range and the vertical height AC is called the maximum height
(H)- The total time taken by the particle in describing the path O4B is
called the time of flight (T').

we have alr discussed, projectile motion j ; : 3
(nor:saﬂy 2). ProbI::syrelaned to projectile o - :nt;vfyzlemmmal Ived by 1 th constant acceleration

icular directi can be so] . ;
mutually perpend directions (x and y) and substituting the proper vz?u:t;di:z qs::i?::;g two appropriate

19

<
>

V. =u, +a.r, Sx:"x"*-axpz,
2 .2 P
Vi =uy +2as,, e

Yoo

1
S, =u t+—-qg 42 5 )
y -

y 2 and vy-uy+2aysy
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In any problem of projectile motion we usually follow the three steps given below
Step 1. Select two mutually perpendicular directions x and .
Step 2. Write down the proper values of w, , a, u, and @, with sign.

Step 3. Apply those equations from the six listed above which are required in the problem,

What should be the directions x and v or which equations are to be used, this you will learm after solving
some problems of projectile motion. Using the above methodology let us first prove the three standand results
of time of flight (7), horizontal range (R) and the maximum height ().

Time of Flight (7)

Refer Fig. 4.2. Here, x and y-axes are in the directions shown in figure, Axis v is along horizontal direction
and axis y is vertically upwards. Thus,
Uy =ucosa, u, =usina,a, =0 ad a, =-g
Atpoint B, 5, =Q So, applying

| .
S, =u t+—a t", we have
v » ~ 0y

0=(usin G)I——:gt:

2usin a
t=0, ——
&£

2usin

&

Both¢#=0and¢ =

correspond to the situation where s, =QThe time ¢ = 0 corresponds to point O

: 2u sin o
and time ¢t =

corresponds to point B. Thus, time of flight of the projectile is :

oy
T=tagy o T=222 .
&
Horizontal Range (R)

Distance OB is the range R. This is also equal to the displacement of particle along x-axis in time 7 = T.
Thus, applying s, = u, ¢ +%¢xxr:.\\e get @
2 .

R=(ucosa)['“smu)+0
A
as a.=0 d t=r=2302
£
R_h:sinucosu_u:sinlu
g g
2aim D
& RV sin2a

g

Here, two points are important regarding the range of a projectile.
(i) Range is maximum where sin 2a = lor @ = 45° and this maximum range is:

@t a=43)
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times of flight and maximum
(i) For given value of  range at a and range at 90° — a.are equal although

heights may be different. Because
u®sin 2(90°—a) _u’sin (180°—2a)

Roge_o = 2 g
2 .
_u’sin 2a =R,
4
Y
u
u
60°
X
Fig. 4.3
So, Rype =Rgge  OF  Roge =Rqge

This is shown in Fig. 4.3.
Maximum Height (H)
At point A4 vertical component of velocity becomes zero, i.e., v, =0 Substituting the proper values in
vi = u}z, +2a,s,
we have, 0=(usin a)” + A-g )(H)

2.3
u sm-a
s

%

Check Points !

« As we have seen in the above derivations that a, =0, i.e, motion of the projectile in horizontal direction s

uniform. Hence, horizontal component of velocity u cos a does not chan, S :
: ; S ge during its motion.
* Motion in vertical direction is first retarded then accelerated in opposite directio':x8 Bec'::seo:: is upwards
and a, is downwards. Hence, vertical component of : ) y
increabes from A to B. This can be shown as 1o Fig. 4.4?ts velocity first decreases from O to 4 and then
Y

o U la e—X

Fig. 4.4



SwWSWRO - ) e s :
’?‘ o) ) L\L O Gu (3 ,2,‘.1"}’)
CgHWIERA Projectile Metion 141 a,

« The coordinates and velocity components of the projectile at time 7 are
x=5, =ut=(ucosa)l

1 :
Y=35, =u,l+§aytz =(usina)f -—;gjz

v =ucosa

'x = Uy
and = —
vy uy+ayr—usma—gr

Therefore, speed of projectile at time ¢ i v=1fv,2+v,2, and the angle made by its velocity vector with

- =

0= tan| 2
S .

« Equation of trajectory of projectile

x=(ucosa)t B dm—

ucosa

=xtana-gx

These are the standard equations of trajectory of a projectile. The equation is quadratic in x. This is why
the path of a projectile is a parabola. The above equation can also be written in terms of range (R) of

projectile as
y= x(l - i) tan a
R

Now, let us take few examples based on the above theory.

* Projectile motion is a two dimensional motion with constant acceleration (g). So, we can use v=a~ar,
- - - S % .
s=ur+ %a ¢2, etc., in projectile motion as well. Here,
=P 2 . 2 =»
u=ucos al+ usnaj) and a=-g)

Now, suppose we want to find velocity at timer. y
- = =

v=u+al
=(ucos ai + usin aj)—gn

=y " A
or v=ucos ai+(usin a—gr)) a l

Similarly, displacement at time 7 will be
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- )

N |~

" e ltz‘-
=(ucosai+usma])t—§g )

a
0

. . L .2
=utcosai+(utsma-58’ J’

Sample Example 4.1 Find the angle of projection of a projectile for which the horizontal range and
maximum height are equal. '

Solution Given, R=H

; )
u’ sin 20 _ u’sin’ a

g 4

occ)
. sin“ o
or 2sin oL cos o =
or SN _4 or tana=4
cos o
a= tan"(4)

'Sample Example 4.2 Prove that the maximum horizontal range is four times the maximum height attained
by the projectile; when fired at an inclination so as to have maximum horizontal range.

Solution For 6 = 45°, the horizontal range is maximum and is given by
2 . . ]
u
R max — ? 5 t,\/\ 4{5 -
‘s 2

2g 4g= 4 gl:i/\(z \{g‘c__\‘

or Ry =4H -Z * Proved.

Maximum height attained

max

Sample Example 4.3 There are two angles of projection for which the horizontal ran e is th

: : e same. Show
that the sum of the maximum_heights for these two angles is independent of the angle o?projectfo;n :
Solution  There are two angles of projection o and 90° - & for which the horizontal range R is same

2.: 2
- H, _u’sin“q
%g
u® sin2 (90° 22
+nd H, =X S (90°-a) u’cos’q
2 2g
u’ 2
Therefore, H, +H, =—(sin"'cx+cos2 a):“_
% 2g

Clearly the sum of the heights for the two angles of projection is independent of the angles of projection
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Sample Example 4.4  Show that there are two values of time for which a projectile is at the same height.
Also show mathematically that the sum of these two times is equal to the time of flight.

Solution For vertically upward motion of a projectile,

2

y=(usin a)t—:—lzgt

or . -%gtz—(usino.)t+y=0

This is a quadratic equation in ¢. Its roots are y

usin o —Juz sinE o -2gy

=

g
. 2...2 _
i tz:usma+1’u sin“ o —2gy
) g
Lo+t = By o =T (time of flight of the projectile)
Sample Example 4.5 A projectile is fired horizontally with a u=98m/s

velocity of 98 mls from the top of a hill 490 m high. Find:
(a) the time taken by the projectile to reach the ground,
(b) the distance of the point where the particle hits the ground
Jrom foot of the hill and
(c) the velocity with which the projectile hits the ground.
(g=938 mls? )

Fig. 4.6

Solution In this problem we cannot apply the formulae of R, H and T directly. We will have to follow the
three steps discussed in the theory. Here, it will be more convenient to choose x and y directions as shown in

figure.
Here, u, =98mss, a,=0 u,=0 and a,=¢g
(a) At4,s, =490m. So, applying 0

_ 1, 43
Sy—u +ant

490=0+-;-(9.8)12

t=10s
(b) Bz'1=.s',‘=u,,t+%axl2
or BA =(98)(10)+ 0

or BA =980m
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= v, =ty =98 m/s
vy =y, +ayt= 0+ (9.8)([0)=98m/s

v=,/v,3 +vy = (98)* +(98)° =982 mis
—2:-9—8=1
and tan[i—vY 98

p=45°
Thus, the projectile hits the ground with a velocity 9
shown in Fig. 4.6.

8,2 m/s at an angle of p = 45° with horizontal as

the top of a tower and strikes the ground after

i } 1} m > -
Sample Example 4.6 A body is thrown horizontally fro e btk andihe spead withwhichithe

three seconds at an angle of 45° with the horizontal. Find the
body was projected. Take g =9.8 m/s*.

Solution  As shown in the figure of Sample Example 4.5.

1 2
u,=0 and a, =g=9.8m/s’ sy =uytt5ayl

=0><3+—2l-x9.8><(3)2

=44.1m
Further, v, =u, +a,t=0+(9.8)(3)
=294 m/s
As the resultant velocity v makes an angle of 45° with the horizontal, so
\4
tan 45°=-L or 1= 294
Vy vx

v, =29.4 m/s
Therefore, the speed with which the body was projected (horizontally) is 29.4 mys.

Introductory Exercise |

1. Projectile motion is a 3-dimensional motion. Is this statement true or false,
2. Projectile motion (at low speeds) is uniformly accelerated motion. Is this statement true or false
3. A particle is_projected with speed u at angle 6 with vertical. Find : .
(a) time of flight "~ (b) maximum height
(c) range (d) maximum range and i
4. A particle is projected from ground with velocity 40v2 m/s at 45°, Fiid .n Pocresponding vl ot 0
(a) velocity and '
(b) displacement of the particle after 2 s. (g =10 m/s?)

5. A particle is projected from ground with velocity 2042 5 )
ﬁ‘l”m ground? (g =10 m/s?) ty 20v2 m/s at 45°. At what time particle is at height 15m



6.

10.
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A partiq_:le is projgctgd from ground with velocity 40 m/s at 60° with horizontal. Find speed of particle
when its velocity is making 45° with horizontal. Also find the times (s) when it happens.
(g=10m/s?)

What is the average velocity of a particle projected from the ground with speed u at an angle o with the
horizontal over a time interval from beginning till it strikes the ground again?

What is the change in velocity in the above question?

Under what conditions the formulae of range, time of flight and maximum height can be applied directly
in case of a projectile motion?

Abody is projected up such that its position vector varies with time as ¥ = {3t + (4t — 5¢°)j) m. Here, tis
in seconds.

Find the time and x-coordinate of particle when its y-coordinate is zero.

11. A particle is projected at an angle 60° with horizontal with a speed v = 20 m/s. Taking g =10 m/ s2. Find

the time after which the speed of the particle remains half of its initial speed.

| EX] Projectile Motion in Inclined Plane

Here, two cases arise. One is up the plane and the other is down the plane. Let us discuss both the cases

separately.

(i) UpthePlane: In this case direction x is chosen up the plane and direction y is chosen perpendicular to

the plane. Hence,

Time of Flight

Fig. 4.7

u, =ucos (a—), a, =—gsin B
u, =usin (a -B) and a,=-gcosP
Now, let us derive the expressions for time of flight (7) and range (R) along the plane.

-

o c2e . 1 s
At point B displacement along y-direction is zero. So, substituting the proper valuesins, =u,f+—a,",

we get

0=uf sin (a—B)+%(—gcos B) 1>

Sl 2usin (o —B)
gcosp
t =0, corresponds to point O and 1 = E‘M corresponds to point B. Thus,

gcosP

2usin (o —B)
Ts—m——
g cosP
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Note Substituting p =0, in the above expression, we getT =

the situation shown in Fig. 4.8.
Y

Fig. 4.8

Range
Range (R) or the distance OB can be found by following two methods:
Method 1. Horizontal component of initial velocity is:

Uy =ucos o
OC=uyT
_ (ucos o) 2u sin (o —B)
gcosP
- 2u? sin (oo —B)cos a
gcosf
ocC

R=0B=——
cos B

_ 2u’ sin (a-B)cos a

gcos?p
—D) (C +D
cos i
2
u’

gcwzﬁkm(2a—ﬁ)—ﬁnm

Using, sin C —sin D=25in(c
Range can also be written as,

R=

This range will be maximum when

20,—B=E or Q=E+
2 4

NI

u2

and R = 1-si
i gcoszﬁ[ MR

Here, also we can see that for B = (, range is maximum at ¢ = = o 45°

and R = 2

max

(I-sin 0° )=£

2
cos
g 0° g

gr_" sin & pich is quite obvious becausep =0 is
g

(asay =0)
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Method 2. Range (R) or the distance OB is also equal to the displacement of projectile along x-direction
in time ¢ =T. Therefore,

R=s, =u,‘T+laxT2
2
Substituting the values of u,, a, and T, we get the same result.

(ii) Downthe Plane: Here, x and y-directions are down the plane and perpendicular to plane respectively
as shown in Fig. 4.9. Hence,

u, =ucos (a+p), a,=gsinf
u, =usin (a+p), a,=-gcosp

Proceeding in-the similar manner, we get the following results:

_usin(@+p) o _ “— [sin (2a +B)+sin B]
gcosP gcos” B

T

From the above expressions, we can see that if we replace by —B, the equations of Tand R for up the plane

and down the plane are interchanged provided o (angle of projection) in both the cases is measured from the
horizontal not from the plane.

Sample Example 4.7 A man standing on a hill top projects a stone horizontally with speed v, as shown in
figure. Taking the co-ordinate system as g

iven in the figure. Find the co-ordinates of the point where the
stone will hit the hill surface. ;

Fig. 4,10

Solution Range of the projectile on an inclined plane (down the plane) is,
2
R =——— [sin (2a +B) +sin ]
gcos” B
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Here, u=v), a=0 and B=6
=2v§ sin 0
gc0320
2vZ tan ©
Now, x=Rcos 0 =—2——
22 tan’ O
and y=-Rsinf=-—2

g

| EXE] Relative Motion between Two Projectiles

Let us now discuss the relative motion between two projectiles or the path observed by one projectile of
the other. Suppose that two particles are projected from the ground with speeds #) and u, at angles o, and ,

as shown in Fig. 4.13 and 4.14. Acceleration of both the particles is g downwards. So, relative acceleration
between them is zero because

y
Y

U
Uy

o |
el

Fig. 4.12

)2 =4 —a, =g-g=0
i.e., the relative motion between the two particles is uniform. Now,
Uy, =u) Ccos a,, Uae =1ty COS 0L,
hy=tsmo, and wu,, =u,sin o,
Therefore,

Uizx =Uix ~Uye =U) COS Oy —u, COS a1,
and

oy Sty =Uyy =uy sin o, - u, sin a,
uy5, and uy,,, are the x and y components of relative velocity of 1

y
with respect to 2.
Hence, relative motion of 1 with respect to 2 is a straight line at an
u . e .
angle 6 =tan =1 (__lZy )wnth positive x-axis.
Ujox Urzy
i i e a2=0
Now, if ujp, =00r u, cos a; =u, cos a,, the relative motion is 5
along y-axis or in vertical direction (as 6 = 90°), Similarly, ifu, 2, =0or 7 X
u, sin o, =u, sin a,, the relative motion is along x-axis or in h2x
horizontal direction (as 6 = 0°). Fig. 4.14

Note Relative acceleration between two projectiles is zero. Relatiy, , )
Therefore, condition of collision of two particles in gir is that relaii;:‘;t;?:cif:::},zzn th:e’:n is l";‘{m;né
4 e with respect to

other should be along line joining them, i.e. if two projecticles A and B collide in mid air, then V.
, AB

should be along AB or VM along BA.
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Sample Example 4.8 A4 particle A is projected with an e 50 m/s

initial velocity of 60 m/s at an angle 30° to the horizontal. At 59 i '

the same time a second particle B is projected in opposite / \
direction with initial speed of 50 m/s from a point at a A 30 T AN
distance of 100 m from A. If the particles collide in air, find | 100 m >
(a) the angle of projection o of particle B, (b) time when the Fig. 4.15

collision takes place and (c) the distance of P from A, where
collision occurs. (g =10m/ s %)

Solution (a) Taking x and y-directions as shown in figure.

<

Here, ;)A =-gj
?B =‘gi
u 4, =60cos 30°=303 mis
u 4, =60sin 30°=30mys

ug, =—50cos a

Uas
and ' ug, =50sin a Flg:4.16
Relative acceleration between the two is zero as ?A =?B . Hence, the relative motion between the two is
uniform. It can be assumed that B is at rest and 4 is m&ving with ?AB . Hence, the two particles will collide,
if ?AB is along 4B. This is possible only when

Uy =Up

ly y
i.e., component of relative velocity along y-axis should be zero.
or 30=>50sin a
a=sin~" (3/5)
-
(b) Now, (W yp | =t —up,
=(30\/§ + 50cos a) m/s
=(30J§ +50x i;_.) sl
=(30V3 + 40) m/s
Therefore, time of collision is
AB 100

t= -
(Wl 30V3+40

or t=1.09s
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or

1.

5.

(c) Distance of point P from A where collision takes place is

2
1
s=‘/(uﬂz)Z +(uAyt——2-g12)

2
1
=J(3Mx 1.09) +(30x 1092 10x 1.09x 1.09)

5§=62.64 m =

Introductory Exercise [[¥]]

A particle is projected along an inclined plane as shown in figure.
What is the speed of the particle when it collides at point A?
(g =10m/s?)

Fig. 4.17
In the above problem what is the component of its velocity perpendicular to the plane when it strikes at A?

Two particles A and B are projected simultaneously from the
two towers of height 10 m and 20 m respectively. Particle A is
projected with an initial speed of 10v2 m/s at an angle of 45°
with horizontal, while particle B is projected horizontally with
speed 10 m/s. If they collide in air, what is the distance d
between the towers?

20m

Two particles A and B are projected from ground
towards each other with speeds 10 m/s and 5v2 m/s 10 m/s

at angles 30° and 45° with horizontal from two points
separated by a distance of 15 m. Will they collide or
not? B

e tsm————

Fig. 4.19

A particle is projected from the bottom of an j

nclined inclinasi
horizontal) should the particle be projected to Plane of inclination 30°, At what angle o (from the

L . get the mayj S
A particle is pro;fctgd fron} the bottom of an inclined pla):\l:an:fni] l3{18(? f)n the mc‘hned plane.
at an angle of 60° with horizontal. Find th fic'ination 30° with velocity of 40 m/s

€ speed A g
the plane. Take g =10 m/s2. Peed of the particle whep Its velocity vector is parallel to
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7. Two particles A and B are projected

ve=10m/s
simultaneously in the directions shown in figure . va =20 m/s
with velocities v, =20 m/s and v, =10 m/s /
respectively. They collide in air after % s. Find : A 9 lg
(a) the angle ® (b) the distance x. L X —
Fig. 4.20

Extra Points ||

In projectile motion speed (and hence kinetic energy) is minimum at highest point.
Speed = (cos 6) times the speed of projection

and kinetic energy = (cos? 0)times the initial kinetic energy

Here, 6 = angle of projection

Path of a particle depends on nature of acceleration and the angle between initial velocity 4 and
acceleration a. Following are few paths which are observed frequently.
(a) Ifa =constant and 6 is either 0°or 180° then path of the particle is straight line.

(b) Ifa =constant but 8is other then 0°0r180° then path of the particle is parabola (as in projectile motion).

(c) If[a] =constant and a is always perpendicular to velocity vector V, then path of the particle is a circle.
= In projectile motion it is sometimes better to write the equations of H, R and T in terms of u, and u, as

under.
21 u 2
T=—2%, H=-Y and R=22%
8 2g g

® In projectile motion H = R, when u, =4u, ortan 6 =4

‘f 1 T Air drag
Gravityl - ‘ Air drag Gravity I

If a particle is projected vertically upwards, then during upward journey
both are acting downwards. Hence, |retardation| > | g|. During its downward journey air drag is upwards
while gravity is downwards. Hence, acceleration < &. Therefore we may conclude that,
time of ascent < time of descent

Exercise : In projectile motion, if air drag is taken into consideration than state whether the H, R and T
will increase, decrease or remain same. .

In JEE problems from the present chapter kinemati
Following are two tips to solve such problems.

(a) At the time of collision coordinates of particles should be same, i.e.,

=X, and y, =y, (fora2-D motion)
Similarly X=X, y1=Yy, and 2z =2, (fora3-D motion)

(b) Two particles collide at the same moment. Of course their time of journies may be different, i.e., they
may start at different times (t, and t, may be different). If they start together thent,

gravity forces (weight) and air drag

cs are often based on collision of two particles.

=t,.
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Solved Examples

Level 1
o % 7540 /e I
Example 1 4 particie is projected from horizontal making an angle 60° with initial velocity 40 m/s. Find the

time taken to the particle to make angle 45° from horizontal.

Solution At 45°, v, =v,

or u, =u, —gt
u, —u, 40(sin 60° —sin 30°)
- - 9.8

4
=1.5s

Example 2 4 ball rolls off the edge of a horizontal table top 4 m high. If it str:ikes the floor at a point 5 m
horizontally away from the edge of the table, what was its speed at the instant it left the table.

h =% gt?, we have

Solution Using
1 .
hap =5 8’?40
2hyp _ |2x4
Tac = = =0.9s
x “V g Vs
Further, BC=wt ;.
BC 5
or V=——- =_0=5_55m/s
AC .9

Example 3 Angeroplane is ﬂyir.lg in a horizontal direction with q velocity 600 km/h at a height of 1960 m.
When it is vertically above the point A on the ground, q body is dropped from it. The bo. dy strikes the ground

at point B. Calculate the distance AB.

1
Solution From h =3 g’

Fh 2x 1960
we have, Top = &=\/_:=
g 98 20s

Horizontal distance AB =1,
S
=(600x T m/s) (20s)

=333333m=3133 km
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Example 4 A particle moves in the plane xy with constant aoceleranon adirected along the negative y-axis.
The equation of motion of the particle has the form y = px - gx* where p and q are positive constants. Find
the velocity of the particle at the origin of co-ordinates.

Solution Comparing the given equation with the equation of a projectile motion,

2
y=xtan 9—%(1“@2 0)

we find that g=a, tanO=p and %(Hmze):q
u= velocity of particle at origin
) ,a(l+tan2 e)_\[a(n p?)
P 2
Level 2

Example 1 4 car accelerating at the rate of 2 m/s 2 from rest from origin is
carrying a man at the rear end who has a gun in his hand. The car is always
moving along positive x-axis. At t =4 s, the man fires from the - gun and the
bullet hits a bird at t = 8s. The bird has a position vector 40i + 80j + 40k. Find

velocity of projection of the bullet. Take the y-axis in the horizontal plane.
(g =10m/is?)

Fig. 4.23

Solution Let velocity of bullet be,
v=vi+v,j+v.k
At t =4 s, x-coordinate of car is
% %0;2 =%x 2x16=16m

x-coordinate of bird is x, =40m
x, =x, +v, (8—4)

or 40=16+ 4v,

v, =6m/s

Similarly, Y=Y +v, (8-4)

or 80=0+4v,

or v, =20m/s

and 222 +v: (B-4)-28 (B4

or 40=0+4v,——;x5xl6
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or v, =20m/s .
" Velocity of projection of bullet
V= (60 +20] + 20k )m/s

Example 2 The velociry of aprojectile when It Is at the greatest height Is N'2/5 times its veloclty when it iy
at half of its greatest height. Determine its angle of projection.
Solution  Suppose the particle is projected with velocity  at an angle 0 with the horizontal. Horizontal

component of its velocity at all height will be u cos 0.
At the greatest height, the vertical component of velocity is zero, so the resultant velocity is

v, =ucos 0
At half the greatest height during upward motion,

y=hl2, a,=-g, u,=usin6

Using vi —uf, =2a,y
we get, v —u?sin? 0=2(-g)g
2 2 2 aicd 22
pes ; vf,:uzsinze—gx" sin® 0 _u”sin” 0 . ol sin 6
2g 2 2g
usin 0
or v, =
Y2

Hence, resultant velocity at half of the greatest height is

2 o 2
u“sin® 0
vy =V2 + 02 =\/u2 cos? 9+ —— ~
2
. i ’2
Given, — ==
V2 5

u® cos? 0

2 22 ==
i Bicosbig S070 3 1+%tan29 5
& 2+tan’0=5 or tan?0=3
or tan9=J§

0=60°

Example 3 A particle is thrown over a triangle from one end of a horizontal base and after ing th
grazing the

vertex falls on the other end of the base. If o.and B be the base angles and 0 th 1l g hat

tan 6 =tan o + tan f. e angle of projection, prove !
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Solution The situation is shown in Fig. 4.24. 4

From figure, we have

R = Range

tan o + tan p=2 + 2
x R-x
YR

tana+tan[3=x(R_x)

Equation of trajectory is y=xtan 0 [1 . i]
R

or, tan 9 =

...(ii)

From Egs. (i) and (ii), we have
tan 6 =tan o + tan B

Example 4 Two inclined planes OA and OB having
inclinations 30° and 60° with the horizontal respectively
intersect each other at O, as shown in figure. A particle is
projected from point P with velocity u = 10V3 m/'s along a
direction perpendicular to plane OA. If the particle strikes
plane OB perpendicular at Q. Calculate

(a) time of flight,

(b) velocity with which the particle strikes the plane OB,

(c) height h of point P from point O,

(d) distance PQ. (Take g =10m/s®) Fig. 4.25

Solution Let us choose the x and y directions along OB and OA respectively. Then,
u, =u=10J3 s, u, =0
a, =—gsin 60°=—53ms®> and  a,=—gcos 60°=—5 ms’
(a) At point O, x-component of velocity is zero. Hence, substituting in

V, =u, +a,t

0=10V3 - 5J3t
10v3 '
or t=%=23

(b) At point O, v=v, =u, +a,l
§ v=0-(5)2)=-10m/s

Here, negative sign implies that velocity of particle at Q is along negative y direction.
(c) Distance PO = | displacement of particle along y-direction | =|s, |

1 1 2
Here, sy =uyl 2 ayt =0~ (5)2)" =~10m

PO=10m
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Therefore,

or
(d) Distance

Here,

or

|
h=POsin 30°=(l 0)(5)
h=5m .
0Q = displacement of particle along x-direction = s,

| 2
S, =u,,t+;aJr t

=(10V3)2) - (5V3)(2) =10/3 m
00=13m
PQ=\(PO) +(00)
=10y + (10v3)2
=4/100+ 300 =+/400

PO=20m



E XERCISES

AIEEE Corner

Subjective Questions (Level 1)

Projectile Motion from Ground to Ground

1. A particle is projected from ground with initial velocity u = 20v2 m/s at 8 =45°. Find :
y

(@ R HandT,
(b) velocity of particle after 1 s
(c) velocity of particle at the time of collision with the ground (x-axis).
2. In the figures shown, three particles are thrown from a tower of height 40 m as shown in figure. In each
case find the time when the particles strike the ground and the distance of this point from foot of tower.
20V2 m/s

45° 20 m/s R
45°

40m 40m 40m 205 i
(U} (ii) (iii)

3. A particle is projected from ground at angle 45° with initial velocity 2072 m/s. Find :
(a) change in velocity,

(b) magnitude of average velocity in a time interval from ¢ =0to t =3s.

4. The coach throws a baseball to a player with an initial speed of 20 m/s at an angle of 45° with the
horizontal. At the moment the ball is thrown, the player is 50 m from the coach. At what speed and in
what direction must the player run to catch the ball at the same height at which it was released?
(g=10m/s?)

5. Attime =0 a smail ball is projected from point 4 with a velocity of 60 m/s at 60° angle with horizontal.

Neglect atmospheric resistance and determine the two times 7, and ¢, when the velocity of the ball
makes an angle of 45° with the horizontal x-axis.

6. A particle moves in the xy-plane with constant acceleration a directed along the negative y-axis. The
equation of path of the particle has the form y = bx — cx?, where b and c are positive constants. Find the
velocity of the particle at the origin of coordinates.
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7.

10.

11.

12.

13.

14.

"
i ity is ob. dtobe v=76i i
Aball s shot from the ground into the air. At a height of 9.1 m, 1ts velocity 15 0bserve v="76i+6]

- . N . i answers.
in metre per second (i is horizontal, j is upward). Give the approximate

(2) To what maximum height does the ball rise?
(b) What total horizontal distance does the ball travel?

What are :
(c) the magnitude and
(d) the direction of the ball’s velocity just before it hits the ground? ) e
Two particles move in a uniform gravitational field with an acceleration g. At the initial moment the
particles were located over a tower at one point and moved with veIOc_:ltles v, =3m/s and v, =4 s
horizontally in opposite directions. Find the distance between the particles at the moment when their
velocity vectors become mutually perpendicular.
A ball is thrown from the ground to clear a wall 3 m high at a distance of 6 m and falls 18 m away from the
wall. Find the angle of projection of ball.

A particle is projected with velocity ZJg_h, so that it just clears two walls of equal height /2 which are ata

: ’h
distance of 24 from each other. Show that the time of passing between the walls is 2_[—.
g

[Hint : First find velocity at height 4. Treat it as initial velocity and 24 as the range.]

A particle is projected at an angle of elevation o and after # second it appears to have an elevation of Pas
seen from the point of projection. Find the initial velocity of projection.

A projectile aimed at a mark, which is in the horizontal plane through the point of projection, falls acm
short of it when the elevation is o and goes b cm far when the elevation is f. Show that, if the speed of
projection is same in all the cases the proper elevation is :

_1 sin -1 w

2 a+b

Two particles are simultaneously thrown in horizontal direction from two points on a riverbank, which
are at certain height above the water surface. The initia] velocities of the particles are v, =5m/s and
v, =7.5m/s respectively. Both particles fall into the water at the same time. First articl:le enters the
water at a point s =10m from the bank. Determine - ' P
(a) the time of flight of the two particles,

(b) the height from which they are thrown,

(c) the point where the second particle falls in water.

A balloon is ascending at the rate v=12km/h and is being carried horizontally by the wind &
v,, =20km/h.If a 'ballast bag is dropped from the balloon at the instant h =50 m, determine the time
needed for it to strike the ground. Assume that the bag was r, s

. ele i same
velocity as the balloon. Also, find the speed with which bag the szli:sﬁt-}(\? g:l;i:;l)loon with the

Projectile Motion in Inclined Plane

15. Find time of flight and range of the projectile along the incline

2042 mvs dplane as shown in figure. (g = 10m/s")

45°



16.

17.

18.

Relative Motion in Projectiles
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Find time of flight and range of the projectile along the inclined plane as shown in figure. (g =10m/s? )
: 2042 m/s

Find time of flight and range of the projectile along the inclined plane as shown in figure. (g=10ms?)
20 m/s
30°

30°

A projectile is fired with a velocity « at right angles to the slope, which is inclined
at an angle 8 with the horizontal. Derive an expression for the distance R to the
point of impact.

Note The problems can also be solved without using the concept of relative motion.

19.

20.

21.

22,

A particle is projected upwards with velocity 20 m/s. Simultaneously another particle is projected with
velocity 20v2 m/s at 45°. (g =10 m/s?)

(a) What is acceleration of first particle relative to the second?

(b) What is initial velocity of first particle relative to the other?

(c) What is distance between two particles after 2 s?

Passenger of a train just drops a stone from it. The train was moving with constant velocity. What is path

of the stone as observed by

(a) the passenger itself,

(b) a man standing on ground?

An elevator is going up with an upward acceleration of 1 m/s 2, Atthe instant when its velocity is 2 m/s, a

stone is projected upward from its floor with a speed of 2 m/s relative to the elevator, at an elevation of

30°. :

(a) Calculate the time taken by the stone to return to the floor.

(b) Sketch the path of the projectile as observed by an observer outdside the elevator.

(c) If the elevator was moving with a downward acceleration equal to g, how would the motion be
altered?

y(m)a "
Two particles 4 and B are projected simultaneously ina ol % 5
vertical plane as shown in figure. They collide at time # in air. " :
Write down two necessary equations for collision to take /6’ '
place. 7] EEER— 0 \ L. 5
4 :
10 3

» X (m)
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Objective Questions (Level 1)

Single Correct Option
1. A particle has initial velocity, v=3i+ 4'jand a constant force F —4j-3jactsonit. The path of the
particle is o
() straight line (b) parabolic (c) circular (d) elliptical

Identify the correct statement related to the projectile motion.

(a) It is uniformly accelerated everywhere

(b) It is uniformly accelerated everywhere except at the
velocity

(c) Acceleration is never perpendicular to velocity

(d) None of the above

A ball is projected with a velocity 20 ms " at an angle to the horizontal. In order to have the maximum

range. Its velocity at the highest position must be

(a) 10 ms ™ (b) 14 ms ™" () 18 ms™’ (d) 16 ms™

Two bodies are thrown with the same initial velocity at angles 6 and (90° — 0) respectively with the

horizontal, then their maximum heights are in the ratio

@l:1 (b)sin ©:cos & (c)sin? 0:cos” (d)cos ©:sin 8

highest position where it is moving with constant

A gun is firing bullets with velocity v, by rotating through 360° in the horizontal plane. The maximum
area covered by the bullets is
2

2.2 4 2.4
ny,
o) —o ) paind'E
g

©=2 (@) 2
g

A body is projected at an angle 60° with the horizontal with kinetic energy XK. When the velocity makes
an angle 30° with the horizontal, the kinetic energy of the body will be

(@) K72 () K73 () 2K73 () 3K/4

The range of a projectile at an angle 8 is equal to half of the maximum range if thrown at the same speed.
The angle of projection @ is given by

(a) 15° (b) 30° (c) 60° (d) data insufficient
If7, and T are the times of flight for two complementary angles, then the range of projectile R is given by
@R=4ghT; ) R=2eT,T, (©R=1gniT, @R=1err

4 2 81,1,

A grass hopper can jump maximum distance 1.6 m. It spends negligible time on ground. How far can it
goin 10V2s.

(a)45m (b)30m (©)20m (d)40 m

Average velocity of a particle in projectile motion between its starting poi ; : i
. 7 S 2 int f its
trajectory is (projection speed = , angle of projection from horizomag] P0= o) and the highest point of

u 2
(@) wcos® (b)?/u 3cos? @ (c)g\/2+cos26 (d)g,/ncosze

A train is moving on a track at 30 ms ™' . A ball is thrown from i ;

) o> . ; 1t perpend : : ;
at 30 ms ' at 45° from horizontal. Find the distance of bal| frol]:xe the poli‘:::la;'o ll}c d.mectlon of mout:lei
point where it strikes the ground. Of projection on train to

(a)90m (5)90V3m
()60 m (d) 603 m



12.

13.

14.

15.

16.
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A body is projected at time ¢ = 0 from a certain point on a planet's surface with a certain velocity at a
certain angle with the planet’s surface (assumed horizontal), The horizontal and vertical displacements x
and y (in metre) respectively vary with time 1 in second as, x = (104/3 )rand y =107 - 1%, The maximum
height attained by the body is

(a) 200 m (b) 100 m (¢) 50 m (d)25m

A particle is fired horizontally from an inclined plane of inclination 30° with horizontal with speed
50ms™'. Ifg =10ms™2, the range measured along the incline is

(a) 500 m (b) %’ m (¢)200v2 m (d)1004/3m

Two stones are projected with the same speed but making different angles with the horizontal, Their

horizontal ranges are equal. The angle of projection of one is 7—; and the maximum height reached by it is

102 m. Then the maximum height reached by the other in metres is

(a) 336 (b) 224 (c) 56 (d)34

A ballis projected upwards from the top of a tower with a velocity 50 ms ™' making an angle 30° with the
horizontal. The height of tower is 70 m. After how many seconds from the instant of throwing, will the
ball reach the ground. (g =10ms )

(@)2s (b)5s (©)7s d)9s

A fixed mortar fires abomb at an angle of 53° above the horizontal with a muzzle velocity of 80 ms ™', A
tank is advancing directly towards the mortar on level ground at a constant speed of Sm/s. The initial
separation (at the instant mortar is fired) between the mortar and tank, so that the tank would be hit is
[Take g =10ms ]

(a) 662.4 m (b) 526.3 m (c) 486.6 m (d) None of these

JEE Corner

Assertion and Reason

Directions : Choose the correct option.

(@) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion.
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion.
(¢) If Assertion is true, but the Reason is false.

(d) If Assertion is false but the Reason is true.

. Assertion : A particle can follow a parabolic path only if acceration is constant.

Reason : In projectile motion path is parabolic, as acceleration is assumed to be constant at low heights.

Assertion : Projectile motion is called a two dimensional motion, although it takes place in space.
Reason : In space it takes place in a plane.

. Assertion : If time of flight in a projectile motion is made two times, its maximum height will become

four times. _
Reason : In projectile motion H « T2, where H is maximum height and 7' the time of flight.
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i .
4. Assertion : A particle is projected with velocity u at angle 45° with ground. Let v be the velocity of
particle at time 7 ( 0), then value of u. v can be zero.
M o
Reason : Value of dot product is zero when angle between tWo vectors is 90°.

5. Assertion : A particle has constant acceleration is x -y plane. But neither of its acceleration components
(a, and a, )is zero. Under this condition particle can not have pa‘rabc?]lc path.
Reason : In projectile motion, horizontal component of acceleration 1S Z€ro.
- -

Y2 ~ V1 always remains constant.

2—h
Reason : The given quantity is average acceleration, which should re
constant.

7. Assertion : Particle A is projected upwards. Simultaneouly particle B is projected as projectile as shown.

Particle A returns to ground is 4 s. At the same time particle B collides with 4. Maximum height H
2

attained by B would be 20 m. (g =10ms ™)

N

B A

6. Assertion : In projectile motion at any two positions
main constant as acceleration is

Reason : Speed of projection of both the particles should be same under the given condition.

8. Assertion : Two projectiles have maximum heights 4H and H respectively. The ratio of their horizontal
components of velocities should be 1: 2 for their horizontal ranges to be same.
Reason : Horizontal range = horizontal component of velocity X time of flight.

9. Assertion : If g =10 m/s? then in projectile motion speed of particle in every second will change by

10ms™".

Reason : Acceleration is nothing but rate of change of velocity.
10. Assertion: In projectile motion if particle is projected with speed u, then speed of particle at height &

would be \/uz —2gh.
Reason : If particle is projected with vertical component of velocity u ,- Then vertical component at the

height # would be + \[u} —2gh.

Objective Questions (Level 2)

Single Correct Option
1. Two bodies were thr_own simultapqoysly from the same point, one straight up, and the other, at an angle
of 8 = 30° to the horizontal. The initial velocity of each body is 20 ms ™! . Neglecting air resistance, the
distance between the bodies at # =12 later is
(a)20m (b)30m (©)24m 5
2. A particl_e is_ dropped from a h_eight h. Another particle which is initially at a horizontal distance d from
the first is simultaneously projected with a horizontal velocity 1 and the two particles just collide on the

ground. Thsn :
@ =5 (bya? =2k
= g

(C)d:h (d)gd2=u2h
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A ball is projected from point 4 with velocity 10 ms ™' perpendicular to the inclined 805
plan:oas shown in figure. Range of the ball on the inclined plane is
20
a) —m e
(a) 3 (b) 50 30
12 60
c)—m =
() 3 (d) 3 ™

A heavy particle is projected with a velocity at an angle with the horizontal into the uniform gravitational
field. The slope of the trajectory of the particle varies as

O slope
O slope
O slope
O slope

(a) (b) (c) (d)

A particle starts from the origin of coordinates at time # = 0 and moves in the xy plane with a constant
acceleration a in the y-direction. Its equation of motion is y=px’. Its velocity component in the
x-direction is

: 20 a a
(a) variable (b) J% (c)2—B (d) J;B

A projectile is projected with speed « at an angle of 60° with horizontal from the foot of an inclined
plane. If the projectile hits the inclined plane horizontally, the range on inclined plane will be
2

2 3 2 ‘\/ﬁ 2
vl (®) =— © = (@) Y21

2g 4g 2B 8g
A particle is projected at an angle 60° with speed 10«/3 m/s, from the
point A, as shown in the figure. At the same time the wedge is made to 10V3 M 4o mis
move with speed 10+/3 m/s towards right as shown in the figure. Then the o -
time after which particle will strike with wedge is g
(@)2s (b)2 ﬁ S (c) ﬁ S (d) None of these

A particle moves along the parabolic path x = y2 + 2y + 2in such a way that Y-component of velocity
vector remains 5 ms ' during the motion. The magnitude of the acceleration of the particle is

(a) 50 ms 2 (b) 100 ms ™2

() 10¥2 ms™ (d) 0.1 ms™

A shell fired from the base of a mountain just clears it. If a is the angle of projection, then the angular
elevation of the summit B is

o)

(c)tan ™ (%) (d)tan™' (2tan @)
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Th 20v3m/s

; e

10. In the figure shown, the two projectiles are ﬁrgd simultaneously, 20m/s
minimum distance between them during their flight 1s B
(@)20 m (b) 103 n}these 80° oy
©10m (d) Note:0 2093 m

Passage (Q. No. 11-12)

Two inclined planes O4 and OB intersect in a horizontal plane having
their inclinations o and B with the horizontal as shown 1n ﬁ.gure.. A
particle is projected from point P with velocity u along a direction
perpendicular to plane OA4. The particle strikes plane OB

perpendicularly at Q.
11. If a.=30°,B =30, the time of flight from P to Q is
u 3u V2u (d) 2u
(a)— (b) — © g
g g

12. If a =30°,p=30°and a = 4.9m, the initial velocity of projection ils .
(a) 9.8 ms™' (b) 4.9 ms™ (c)49v2ms™ (d) 19.6 ms

More than One Correct Options

1. Two particles projected from the same point with same speed u at angles of projection o and B strike the
horizontal ground at the same point. If 4, and 4, are the maximum heights attained by the projectile, R is
the range for both and 7, and ¢, are their times of flights, respectively , then

(?1)(1l+_l3=12t (®)R=4/hh, (C):—'=tana (d)tana = :—'
2 2

2. A ball is dropped from a height of 49 m. The wind is blowing horizontally. Due to wind a constant
horizontal acceleration is provided to the ball. Choose the correct statement (s). [Take g = 9.8 ms 'Z]
(a) Path of the ball is a straight line
(b) Path of the ball is a curved one
(c) The time taken by the ball to reach the ground is 3.16 s
(d) Actual distance travelled by the ball is more then 49 m

3. Aparticle is projected from a point P with a veloci
moves at right angles to its initial direction. Then
(a) velocity of particle at Q is v sin 0 (b) velocity of particle atQi
(c) time of flight from P to Q is (v/g ) cosec § (d) time of ﬂiglr:t from P tngs 1‘;c((\)zt/: )secH
4. Ataheight of 15 m from ground velocity of a projectile is v= (10i +10

ty vatan angle 0 with horizontal. At a certain point Qi

" i) Here, jis vertically upwards
and i is along horizontal direction then (g = 10 ms~2 )

(a) particle was projected at an angle of 45°
(b) time of flight of projectile is 4 s

(c) horizontal range of projectile is 100 m
(d) maximum height of projectile from ground is 20 m

5. Which of the following quantities remain constant durin jecti i
e A i i g projectile motion?

with horizontal

o (b) Ave:age speed between two points
3 2

— d-
© 7 @
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6. In the projectile motion shown is figure, given ¢ ;5 =25 then (g =10ms =Y

+20 m++—40 m~ B

(a) particle is at point Bat 3 s
(b) maximum height of projectile is 20 m

(c) initial vertical component of velocity is 20 ms ™'

(d) horizontal component of velocity is 20 ms x

Match the Columns

1. Particle-1 is just dropped from a tower. 1 s later particle-2 is thrown from the same tower horizontally
with velocity 10 ms ™. Taking g =10ms ~2_ match the following two columns at # =2s.

Column I s Column II

(a) Horizontal displacement between two |(p) 10 SI units
(b) Vertical displacement betweentwo  |(q) 20 SI units
() Magnitude of relative horizontal |(r) 1032 SI units
component of velocity
(d) Magnitude of relative vertical (s) None
component of velocity

2. Inaprojectile motion, given H = % =20m. Here, H is maximum height and R the horizontal range. For

the given condition match the following two columns.
~ Column I Column II

(a) Time of flight o 1
(b) Ratio of vertical component of velocity |(q) 2
and horizontal component of velocity
(c) Horizontal component of velocity (r) 10
(d) Vertical component of velocity (s) None

3. Aparticle can be thrown at a constant speed at different angles. When it is thrown at 15° with horizontal,
it falls at a distance of 10 m from point of projection. For this speed of particle match following two

columns.

Column I Column II

(a) Maximum horizontal range which {(p) 10m
can be taken with this speed

(b) Maximum height (@ 20m
(c) Rangeat75° (r) 15m
(d) Height at 30° (s) None
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G E s times, keeping horiz
4. In projectile motion if vertical component of velocity is increased to two e il

component unchanged, then

Column I Column 11
(a) Time of flight (p) will remain same
(b) Maximum height (q) will become two tl‘mes
(c) Horizontal range (r) will become four times
(d) Angle of projection with|(s) None
horizontal

5. In projectile motion shown in figure.

(o]
Column
Column I I
(a) Change in velocity between O and A '(p) u cosO
(b) Average velocity between O and 4 (@) usin®
(c) Change in velocity between O and B (r) 2ucos
(d) Average velocity between O and B (s) None

6. Particle-1 is projected from ground (take it origin) at time 1 =0, with velocity (30f+303) ms™'
Particle-2 is projected from (130 m, 75 m) at time ¢ =1 second with velocity (-201 + 20})ms_l-

Assuming jto be vertically upward and i to be in horizontal direction, match the following two columns
at t=2s.
Column I i Coﬁmn 1 § 5
(a) horizontal distance between (p) 30 SI units

two
(b) vertical distance between two (Q) 40 SI units

(c) relative horizontal component (r) 50 SI units
of velocity between two

(d) relative vertical component of (s) None
velocity between two

‘\
7. The trajectories of the motion of 3 particles are shown in the fi ure s ith
the entries of column II. gure. Match the entries of column I wi
y
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Column I - % Column I
(@) Time of flight is least for  |(p) 4

(b) Vertical component of (qQ B
velocity is greatest for

(c) Horizontal componentof i(r) C
velocity is greatest for

(d) Launch speed is least for (s) can’tsay

Subjective Questions (Level 2)

1.

Determine the horizontal velocity v, with which a stone must be projected horizontally from a point P, so
that it may hit the inclined plane perpendicularly. The inclination of the plane with the horizontal is 6 and
point P is at a height  above the foot of the incline, as shown in the figure.

Voﬂ—f ~[

h

1

A particle is dropped from point P at time ¢ = 0. At the same time another particle is thrown from point O
as shown in the figure and it collides with the particle P. Acceleration due to gravity is along the negative
y-axis. If the two particles collide 2 s after they start, find the initial velocity v, of the particle which was
projected from O. Point O is not necessarily on ground.
T yfge—2m—>epP

10m

Vo

L Ao X

Two particles are simultaneously projected in the same vertical plane from the same point with velocities
u and v at angles o and B with horizontal. Find the time that elapses when their velocities are parallel.

A projectile takes off with an initial velocity of 10 m/s at an angle of elevation of 45°. It is just able to
clear two hurdles of height 2 m each, separated from each other by a distance d. Calculate d. At what
distance from the point of projection is the first hurdle placed? Take g =10 m/s 5

A stone is projected from the ground in such a direction so as to hit a bird on the top of a telegraph
post of height 4 and attains the maximum height of 2A above the ground. If at the instant of
projection, the bird were to fly away horizontally with a uniform speed, find the ratio between the
horizontal velocity of bird and the horizontal component of velocity of stone, if the stone hits the
bird while descending.
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6.

10.

wind the particle gathers the horizonty|

0 s “op = .Due to the s
A particle is released from a certain height H/ = 400m. D | displacement of the partricle from the

velocity component v, =aywherea=+/5s™' and yis the vertica
point of release, then find :
(a) the horizontal drift of the particle when it stikes the ground,
(b) the speed with which particle strikes the ground.

(Take g =10 m/s?)

A train is moving with a constant speed of 10 m/s in a circle of

<

radius 16 m. The plane of the circle lies in horizontal x-y plane.
n

Attime ¢ = Otrain is at point P and moving in counter-clockwise f N
direction. At this instant a stone is thrown from the train with \

speed 10 m/s relative to train towards negative x-axis at an

angle of 37° with vertical z-axis. Find

(a) the velocity of particle relative to train at the highest point
of its trajectory.

(b) the co-ordinates of points on the ground where it finally falls and that of the highest point of its
trajectory.

Take g =10m/s% sin 37°=%

A particle is projected from an inclined plane OP; from 4
with velocity v, =8 ms™' at an angle 60° with horizontal.

An another particle is projected at the same instant from B
with velocity v, =16 ms™" and perpendicular to the plane
OP, as shown in figure. After time 10v3 sec there

separation was minimum and found to be 70 m. Then find
distance 4B.

A particle is projected from point O on the ground with Yy

velocity u = 5J5m/s at angle o =tan ™! (0.5). It strikes at a

point C on a fixed smooth plane 4B having inclination of

37° with horizontal as shown in figure. If the particle does 56 ms P

not rebound, calculate

(a) coordinates of point C in reference to coordinate system
as shown in the figure.

(b) maximum height from the ground to which the particle 0%
rises. (g =10m/s 2y

— (10/3) m—
A plank fitted with a gun is moving on a horizontal surface with speed of 4 m/ iti i

.. . e sal X-QNIS,
The z-axis is in vertically upw?rfi direction. The mass of the plank including the moa[g ::et::::nwleb:‘g K;
“{hen the plank reaches the origin, a shell of mass 10 kg is fired at an angle of 60° with the positive ;._Mis
with a speed 9f - 20m/s with respect to the gun in x-z Plane. Find the position vector of the shell at
t = 2s after firing it. Take g =9.8 m/s?.
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A NSWERS .l

Introductory Exercise 4.1
2u cos 8 2.cos® B 2 qin 28 )
l. Fa|se 2. True 3' (a) T = (b) H = ! Czogs (C) R = L) (d) Rmax = UE at e = 450
4. 20J5m/s at angle tan™ (%) with horizontal (b) 100m 5. 1sand3s

6. 20y2m/s, 23 +1)s 7.ucosa 8. 2usina (downwards)

9. Between two points lying on the same horizontal line. 10. time =0, 0.8 5, x-coordinate = 0, 2.4 m

11. V35

Introductory Exercise 4.2
1. %m/s 2.5m/s 3.20m 4.No 5.60° 6. %m/s 7. (a) 30° (b) 5¥3m

AIEEE Corner

Subjective Questions (Level 1)
1. () 80m,20m,4s (b) (20i+ 10j)ms™ (c) (20i - 20j) ms™
2. 546s,2.83s,1.465,109.2m,56.6 m, 29.2 m
3. (a) 30 ms~(vertically downwards) (b) 20.62ms™ 4. % ms? 5.4 =219s,t,=8.20s

6. v=,’% (l+b%) 7.@) 11m (b)23m (c) 16.6 ms™ (d) tan™ (2), below horizontal
_ gt cos B
~ 2sin(a-B)

a3+ 1
14. 3555, 32.0 m/s 15.T=—<%—2 s=1.695.R=%(J§-1)m=39m

8 25m 9. tan'l(g) 11.u 13. @) 2s (b) 19.6m (c) 15m

6 T-2B+D 160 3, 1)m=14571m 17.T=—s=231sR= 3? m=53.33m

7 §=6.31s, = g
2
18. R=2¥ tangsec ©  19. (a) zero (b) 20 ms~tin horizontal direction (c) 40 m
g

20. (a) A vertical straight line (b) A parabola 21. (a) 0.18's
22. (ucosB, + U, cos0,)t =20 ..() (Usind - u;sing;)t=10 ..(i)
Objective Questions (Level 1)

1.(b) 2.(a) 3.(b) 4.(c) 5.(0) 6.(b) 7.(a) 8.(d) 9.(d)  10.(b)
11.(a) 12.(d)  13.(b) 14.(d) 15.(c)  16.(d)

JEE Corner
Assertion and Reason
1.(@) 2.(a) 3.(a) 4.(b) 5.(d) 6.(a) 7.(c) 8.(aor b) 9.(d) 10.(b)
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Objective Questions (Level 2)

1.(c) 2.(b) 3.(a) 4.(a)
11.(b) 12.(a)

5.0 6. 7.2 8.(a) 9.(c) 10

More than One Correct Options ol
1. (all) 2. (a,c,d) 3. (b.c) 4. (a,b.d) A

Match the Columns

(@) - (p) (b) = (5) (¢) - (p) (d) = (p)
(@) - (s) (b) > (9) (c) - (r) (d) - (s)
(@) - (a) (b) - (p) () - (p) (d) - (5)
(@) > (@) (b) - (1) (¢) - (q) (d) - (5)
(@) = (q) (b) - (5) (¢) > (s) (d) - (p)
(@ = (1 (b) - (r) () - (r) (d) - (5)
. + (@) = (s) (B) = (s) (¢) > (r) (d) - (p)

Subjective Questions (Level 2)
L V= Tzfaz—e 2. J26 msat angle 0 = tan™! (5) with x-axis 3. ¢

4. 447 m,275m 5. \/§2+ 7 6. (3) 2.67 km (b) 0.9 kms™!

6. (all)

NomswNhR

_ uvsin(a -B)
~ g(vcosB - ucosa)

7. (@) (-6i+10j) ms™ (b) (4.5m, 16 m, 0), (0.3m. 8.0 m, 3.2 m)
@ (5m, 1.25m) (b) 445m  10.[24i+ 15k m

8. (@) 250 m

o

Chapter — 5 Laws of Motion
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IIE®Y Types of Forces

. . in mechanics.
There are basically three forces which are commonly encountered in m:

(a) Field Forces itati

These are the forces in which contact between two objects is not necessary. Gravntatlon‘al force between
two bodies and electrostatic force between two charges are two examples of field foroes. Welght (¥ =mg)of
a body comes in this category.

(b) Contact Forces

Two bodies in contact exert equal and opposite forces on each other. If the VRN
contact is frictionless the contact force is perpendicular to the common surface $:58

and known as normal reaction. Fp e 8 '
If, however, the objects are in rough contact and move (or have a tendency

to move) relative to each other without losing contact then frictional force arise )
which oppose such motion. Again each object exerts a frictional force on the Fig. 5.1
other and the two forces are equal and opposite. This force is perpendicular to
normal reaction. Thus, the contact force (F ) between two objects is made up of
two forces.

(i) Normal reaction (N) (ii) Force of friction ( 1)

and since these two forces are mutually perpendicular.

F=yN?+ 12

Consider two wooden blocks 4 and B being rubbed against each other.
In Fig. 5.1, 4 is being moved to the right while B is being moved leftward. In A
order to see more clearly which forces act on 4 and which on B, a second diagram N
f *—L—

is drawn showing a space between the blocks but they are still supposed to be in N i

contact. > f
In Fig. 5.2 the two normal reactions each of magnitude A are perpendicular to Fp I_

the surface of contact between the blocks and the two frictional forces each of NS

magnitude fact along that surface, each in a direction opposing the motion of the B

block upon which it acts. Fig. 5.2

Note Forces on block B from the ground are not shown in the figure.

(c) Attachment to Another Body
Tension (7)inastring and spring force (F = kx)come in this group. Regarding the tension and string, the
following three points are important to remember.
1. Ifa string is inextensible the magnitude of acceleration of an

oot ol same y number of masses connected through
string 1s always :

a
— a

o

Fig. 5.3

m"
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If astring is passless, the tension in it is same everywhere. However, if a string has a mass, tension at
different points will be different.

If there_is fn'ction between string and pulley, tension is different on two sides of/ the pulley, but if there
is no friction between pulley and string, tension will be same on both sides of the pulley.

19 DT LR

T T, T3

T

| LN P LI
String is massless and String is massless and String is not massless and there is
there is no fngtuon between there is friction between friction between pulley and string
pulley and string string and pulley
Fig. 5.4

Last two points can be understood in diagram as follows:

Spring force (F' = kx) has been discussed in detail in the chapter of work, energy and power.

{[EX] Free Body Diagram

No system, natural or man made, consists of a single body alone or is complete in itself. A single body ora

part of the system can, however be isolated from the rest by appropriately accounting for its effect on the
remaining system.

A free body diagram (FBD) consists of a diagrammatic representation of
a single body or a sub-system of bodies isolated from its surroundings
showing all the forces acting on it.

Consider, for example, a book lying on a horizontal surface.

A free body diagram of the book alone would consist of its weight

! " Mass of book = m
(W =mg), acting through the centre of gravity and the reaction (N )exerted on
the book by the surface.

Fig. 5.5

Sample Example 5.1 4 cylinder of weight w is resting on a V-groove as shown
in figure. Draw its free body diagram. /\Q \

t}\
Vi
Solution The free body diagram of the cylinder is as shown in Fig. 5.6(b)

Here, w = weight of cylinder and N, and N, are the normal reactions
between the cylinder and the two inclined walls.

Ny

(\J
Fig. 5.6(b)
Sample Example 5.2 Three blocks A, B and C are placed one over the other as - _I
shown in figure. Draw free body diagrams of all the three blocks.
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Solution Free body diagrams of 4, B and C are shown below:

|
SO

Ns
T X t " FBDTof C
FBD of A FBD of B
Fig. 5.8

Here, N, =normal reaction between 4 and B.
N, =normal reaction between B and C.
N3 =normal reaction between C and ground.

Sample Example 5.3 4 block of mass m is attached with two strinjgs as shown in figure. Draw the free body
diagram of the block.

Fig. 5.9
Solution  The free body diagram of the block is as shown in Fig. 5.10.

Fig. 5.10

Forces which have zero linear resultant and zero turning effect will not cause any change in the motion of
the object to which they are applied. Such forces (and the object) are said to be in equilibrium. For
undersianding the equilibrium of an object under two or more concurrent or coplanar forces let us first discuss
the resolution of force and moment of a force about some point.

(a) Resolution of a Force

When a force is replaced by an equivalent set of components,
it is said to be resolved. One of the most useful ways in which to
resolve a force is to choose only two components (although a force
may be resolved in three or more components also) which are at
right angles also. The magnitude of these components can be very
easily found using trigonometry. > . .

)
@

InFig. 5.1, Fy =F cos 0 =component of F along AC Flea:11
Fy =F sin © =component of ¥ perpendicular to AC or along 4B
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Finding such compor}ents _is referred to as resolving a force ina pair of perpendicular directions. Note that
the comppnept of a_force ina dm?ctlon perpendicular to itself is zero. For example, if a force of 10 N is applied
on an object in horizontal direction then its component along vertical is zero. Similarly, the component of a

force in a direction parallel to the force is equal to the magnitude of the force. For example component of the
above force in the direction of force (horizontal) will be 10 N,

Sample Example 5.4 Resolve a weight of 10 N in two directions which are parallel and perpendicular to a
slope inclined at 30° to the horizontal.

Solution Component perpendicular to the plane
W, =W cos 30°

B

~10)¥3
=(10)=

=5/3N

and component parallel to the plane

W, =W sin 30°=(10)[%J=5N
Sample Example 5.5 Resolve horizontally and vertically a force F =8 N which makes an angle of 45° with
the horizontal.

- =¥ -
Solution Horizontal component of F is Fv

Fyy =F cos 45°=(8)(%)

=4/2N
and vertical component of Fis F y =F sin 45°

=(8)(7_15]=4J§N

Fig. 5.13

Sample Example 56 4 body is supported on a rough plane inclined at 30° to the horizontal by a string
attached to the body and held at an angle of 30° to the plane. Draw a diagram showing the forces acting on
the body and resolve each of these forces:

(@) horizontally and vertically,

(b) parallel and perpe;/:dicular to the plane.

Solution The forces are :
The tension in the string 7.
The normal reaction with the plane N.
The weight of the body W

and the friction f.




176  Mechanics.|

(a) Resolving horizontally and vertically:

fcos 30° Nx- - - 2 Nsin 60°

607
N cos 60°
Fig. 5.15

(b) Resolving parallel and perpendicular to the plane:

Fig. 5.16
Resolving horizontally and vertically in the senses OX and OY as shown, the components are:
———— 14
i Components
Force | Parallel to 0X ‘ Parallel to OY
_4 S I P

% —f cos 30° T - f sin 30°

N ~N cos 60° 1 N sin 60° re) X

T T cos 60° i T sin 60° Fig. 5.17

w 0 W S e, A

Resolving parallel and perpendicular to the Plane in the senses OX* and OY’ as shown, the components
are :
—————

Components
Force ' paraltel to ox’ Parallel to 0y’
| (parallel to plane) | (perpendicular to plane) X'

e M plae) v

f I! ~f 1 0

N ' 0 N

T i T cos 30° 4 T sin 30° o

W -W sin 30° 1 W cos30°
. e CORA08 Fig. 5.18

(b) Moment of a Force

effect is tor, ue. Th .
moment of a force F is calculated by multiplying ‘Ogethe? e n}:xug:l:mge of torque, al'so known as ;lhe
distance ry from the axis of rotation. This s denoted by C o * (tau) of the force and its perpendicular

ie., C=F’l or T=Fr_L

Direction of Torque

The angular direction of a torque is the senge of the rotation iy would
Cause.
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Consider a lamina that is free to rotate in its own plane about an axis
perpendicular to the lamina and passing through a point 4 on the lamina. In
the diagram the moment about the axis of rotation of the force F, is F,n E
anticlock-wise and the moment of the force F, is F,r, clockwise. A . i Fi
convenient way to differentiate between clockwise and anticlock-wise 2 A.\"/
torques is to allocate a positive sign to one sense (usually, but not invariably,
this is anticlockwise) and negative sign to the other.

With this convention, the moments of F, and F, are + F,# and —F,r,
(when using a sign convention in any problem it is advisable to specify the Fig. 5.19
chosen positive sense).

Zeromoment _> douvbt

Ifthe line of action of'a force passes through the axis of rotation, its perpendicular distance from the axis is

zero. Therefore, its moment about that axis is also zero.
o

Note Later in the chapter of rotation we will see that torque is a vector quantity.

Sample Examle 5.7 ABCD is a square of side 2 m and O is its centre. Forces D 4N c e
act along the sides as shown in the diagram. Calculate the moment of each force
about:
(@) an axis through A and perpendicular to the plane of square. 3N 0 5N
(b) an axis through O and perpendicular to the plane of square.
A 2N B
Fig. 5.20
Solution Taking anticlockwise moments as positive we have:
@ |  Magnitude of force 2N 5N an 3N
Perpendicular distance from A | 0 2m 2m 0
Moment about 4 Lo —-10N-m +8N-m 0
0»{ Magnitude of foce = 2N 5N 4N 3N
' Perpendicular distance from 0| 1 m Im Im I'm
| Moment about O [ +2N-m =5 N-m +4 N-m -3 N-m

Sample Example 5.8 Forces act as indicated on a rod AB which is pivoted at A. Find the anticlockwise

moment of each force about the pivot.
3F

2F
30
A B
F
lo— @ —ste— 8 —de——28 —>|

Fig. 5.21
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/
Solution o
° /’\/‘ S .
é\QI,I ~ ~C 3F
@ 2F
L———-_i-
A#B
F
Fig. 5.22
3F
i Magnitude of force A % . PO
e 2 4asin 30°=2q
Perpendicular distance from 4 a 46 Fa
Anticlockwise moment about 4 +2 Fa - -

Coplanar Forces in Equilibrium

When an object is in equilibrium under the action of a set of two or more copl@m forces, each of three

factors which comprise the possible movement of the object must be zero, i_.e., the object has
(i) no linear movement along any two mutually perpendicular directions ox and oy.

(ii) no rotation about any axis.

The set of forces must, therefore, be such that

(a) the algebraic sum of the components parallel to ox is zero or ZF, =0

(b) the algebraic sum of the components parallel to oy is zero or £F), =0

(c) the resultant moment about any specified axis is zero or =t any axis =0

Thus, for the equilibrium of a set of two or more coplanar forces:

F, =0
EFy =0 and Xt

any axis =0

Using the above three conditions, we get only three set of e

quations. So, in a problem number of
unknowns should not be more than three.

Sample Example 5.9 A rod ABrests with the end A on rough horizontal ground Yy

and the end B against a smooth vertical wall. The rod js unifor

'm and of weight W,
If the rod is in equilibrium in the position shown in figure. Find : B
(a) frictional force at A
(b) normal reaction at A .
(c) normal reaction at B. ‘\

Fig. 5.23

Solution Let length of the rod be 2/. Using the three conditio;
Anticlockwise moment is taken as positive.

(i) F, =0

ns of equilibrium, A

Ng

Ng ‘fA =0
or Nu=f,4
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(ii) ZF, =0

N,-W=0

or N, =W ...(ii)
(iii) Zt, =0

N 4 (20 cos 30° )~ N (2/sin 30°) — W (Icos 30°)=0

or V3N, -N, —? W =0 ...(iit)

Solving these three equations, we get

(@) /4 =§W ® N,=W (c) N, =§W

Equilibrium of Concurrent Coplanar Forces

If an object is in equilibrium under two or more concurrent coplanar forces the algebraic sum of the

components of forces in any two mutually perpendicular directions ox and oy should be zero, i.e., the set of
forces must be such that:

(a) the algebraic sum of the components parallel to ox is zero, i.e., IF, =0
(b) the algebraic sum of the components parallel to oy is zero, i.e., IF, =0
Thus, for the equilibrium of two or more concurrent coplanar forces:

SF, =0
2F, =0

The third condition of zero moment about any specified axis is automatically satisfied if the moment is
taken about the point of intersection of the forces. So, here we get only two equations. Thus, number of
unknown in any problem should not be more than two.

Sample Example 5.10 An object is in equilibrium under four concurrent forces in the directions shown in
figure. Find the magnitude of E’ and f; :

Fig. 5.25
Solution  The object is in equilibrium. Hence,
() ZF, =0
8+ 4cos 60° - F, cos 30°=0 -
or 8+2-F, -‘?— =0
20
0 Fy=—N
r 2 JE

Fig. 5.26
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(i) ZF, =0 .
: F, + 4sin 60° — F, sin 30°=0
43 F =0
Mo L)
or S
F RN
or Fl = ——2—- - ZJ- .\/i
4
F,=—N
) N F,,F, and F, as showni
and F; as sho
Lami’s Theorem : ~ If an object O is in equilibrium under three concurrent forces K, F, 3 wn in
figure. Then, F F, F

sino sinf siny
ol . ) and iS v use
This property of three concurrent forces in equilibrium is 'known' as I.,aml s theorem ery useful
method of solving problems related to three concurrent forces in equilibrium.
—
F2

A B

Fig. 5.27

Sample Example 5.11 Ore end of a string 0.5 m long is fixed to a
point A and the other end is fastened to a small object of weight 8 N.
The object is pulled aside by a horizontal force F, until it is 0.3 m from
the vertical through A. Find the magnitudes of the tension T in the
string and the force F.

Fig. 5.28
Solution AC=0.5m, BC=03m
o AB=04m
Then COSG=£=%=3
AC 05 5 B
and sing=BC _03_3
AC 05 5

Here, the object is in equilibrium under three concurr, ent fo g
we can apply Lami’s theorem. rees. So,

Fig. 5.29
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or F = § —_—
sin (180°-0) sin (90°+0) sin 90°
or L —3 8 — T
sin® cos O
R L
cos O 4/5
- F=85m9=(8)(3/5) —6N Ans.
cos O (4/5)
Introductory Exercise [EE}}
The diagram shows a rough plank resting on a cylinder with one end

of the plank on rough ground. Neglect friction between plank and
cylinder. Draw diagrams to show:

(a) the forces acting on the plank,

(b) the forces acting on the cylinder.

Two spheres A and B are placed between two vertical walls as shown

in figure. Friction is absent everywhere. Draw the free body diagrams
of both the spheres.

A point A on a sphere of weight W rests in contact with a smooth
vertical wall and is supported by a string joining a point B on the sphere
to a point C on the wall. Draw free body diagram of the sphere.

3 - = -
Write down the components of four forces i-i, F,, F; and F, along ox and oy directions as shown in
Fig. 5.33.

Fig. 5.34
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5. Auniform rod AB of weight W is hinged to a fixed point atA. It is-x held in thfe ;/o:;f:?etﬁls &:ﬂl:o:jl‘ :.-); :1 sr:rins.
one end of which is attached to B as shown in Fig. 5.34. Find in terms 0 l; of the string is also 187

6. In Question 3 of the same exercise the radius of the sphere is a. The lengt a. Find
tension in the string. , i I

7. Find the values of the unknown forces if the given set of forces shown ju.Fig. 535 are &y equllibriun,

A
N

10N
60° i

M Fig. 5.36

Fig. 5.35

8. Two beads of equal masses m are attached by a string of length v2a and are free to move' ina smooth
circular ring lying in a vertical plane as shown in Fig. 5.36. Here, a is the radius of the ring. Find the
\ ’\]\ tension and acceleration of B just after the beads are released to move.

I IEXA Newton’s Laws of Motion

It is interesting to read Newton’s original version of the laws of motion.

Law I. Every body continues in its state of rest or in uniform motion in a straight line unless it is
compelled to change that state by forces impressed upon it.

Law Il. The change of motion is proportional to the magnitude of force impressed; and is made in the
direction of the straight line in which that force is impressed.

Law lll.  To every action there is always an equal and opposite reaction; or, the mutual actions of two
bodies upon each other are always directed to contrary parts.

The modern version of these laws is:

1. A body continues in its initial state of rest or motion with uniform velocity unless acted on by an

unbalanced external force.
2. The acceleration of a body is inversely proportional of it

resultant external force acting on it, i.e.,
/

$ mass and directly proportional to the

<3
-2 -
-
ZF=Fnet =ma or ?:h
m

3. Forces always occur in pairs. If body 4 exerts a force onb
by body B on body 4.

working with Newton’s First and Second Laws

rmally any problem relating to Newton’s laws is solved i i :

T:O F irst{)f all we decide the system on which the laws of mol:ig;":rv;lt:gbio:r SIt'e‘:is-Th ay be
single particle, a block or a combination of two or more blocks, two blocll()p onncole S)l;Stem n}"y e
The only restriction is Fh"’l all parts of the system should have ’the same » colnne?ted At

2. Once the system is dccnded.. we make the list of all the forces acting on thacce e, & iek
by the system on other bodies is not included in the list of the fo € system. Any force app

i rces.
. Then we make a free body diagram of the system and indj ; o
3 forces listed in step 2 in this diagram, Ndicate the magnitude ang directions of all the

ody B, an equal but opposite force is exerted
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In the last step we choose any two mutually perpendicular axes say x and y in the plane of the forces in
case of coplanar forces. Choose the x-axis along the direction in which the system is known to have or
is likely to have‘ t.he acceleration. A direction perpendicular to it may be chosen as the y-axis. If the
system is in equilibrium, any mutually perpendicular directions may be chosen. Write the components
of all the forces along the x-axis and equate their sum to the product of the mass of the system and its
acceleration, i.e.,
IF, =ma

This gives us one equation. Now, we write the components of the forces along the y-
the sum to zero. This gives us another equation, i.e.,

IF, =0 ... (i)

2l

axis and equate

Note (i) Ifthe system is in equilibrium we will write the two equations as:

Sample Example 5.12 Two blocks of mass 4 kg and 2 kg are placed side by
side on g smooth horizontal surface as shown in the figure. A horizontal force
of 20 N is applied on 4 kg block. Find -

- (a) the acceleration of each block.

2F, =0 and IF,=0

(i) If the forces are collinear, the second eqization, i.e., IF, =0is not needed.

“(b). the normal reaction between two blocks.. L : 53 Fig 537

Solution (a) Since, both the blocks will move with same acceleration (say a) in horizontal direction.

Let us take both the blocks as a system. Net external force on the system is 20 N in horizontal direction.

Using LF, =ma,
20=(4+2)a=6a
or a=%)m/s2

(b) The free body diagram of both the blocks are as shown in Fig. 5.39.

y
N
— L
— O

([,
Fig. 5.39 2.0~-N= g

Using ZF, =ma, N
10 N
For 4 kg block 20—N=4a=4x?
40 20

N=20-—=—N
3 3
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This can also be solved as under 10 20

For 2 kg block N=la=dr—%=

Here, N is the normal reaction between the two blocks. the blocks in verticy)
ing on the blocks in ve
Note In free body diagram of the blocks we have not shown the fOI’; ‘;isﬁgf;tg}gﬂ; syston conbe iy
direction, because normal reaction between the blocks and acce
without using LF y =0.

Sample Example 5.13  Three blocks of mass 3 kg, 2 kg and 1 kgareplaced 12N
side by side on a smooth surface as shown in figure. A horizontal force off ‘==
12 N is applied on 3 kg block. Find the net force on 2 kg block.

Fig. 5.40

Solution  Since, all the blocks will move with same acceleration (say a) in horizontal direction. Let us take
all the blocks as a system.
Net external force on the system is 12 N in horizontal direction.

Using ZF, =ma,,we get
12=3+2+1)a=6q
or a=1—62=2 m/s?

Now, let F be the net force on 2 kg block in x-direction, then using

IF, =ma for 2 kg block, we get
F=(22)2)=4N TR
Note Here, net force F on 2 kg block is the resultant of N, and N,

where N, = normal reaction between 3 kg and 2 kg block,
and N, = normal reaction between 2 kg and 1 kg block,
Thus, F=N,-N, ‘

N, > N,)

Sample Example 5.14 In the arrangemen; shown in
figure. The strings are light and inextensible, The surface
over which blocks are placed is smooth, F, ind :

(a) the acceleration of each block,

(b) the tension in each string,

'

each block and 7, and T, be the tensions, in the

two strings as shown in figure.

y
Solution (a) Let ‘@’ be the acceleration of :
R T F= 1N
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Taking the three blocks and the two strings as the system.
a

Using LF, =ma,
or 14=(4+2+ 1)
or a=-'7ﬁ=2 mis

(b) Free body diagram (showing the forces in x-direction only) of 4 kg block and 1 kg block are
shown in figure.

a=2m/s? a=2m/s? y
—
20 T F=14N ‘
) —i— 4
Fig. 5.45
Using ZF, =ma, p A
For 1 kg block F -T, =(1Xa) |
or - 14-T =(1)2)=2 :
T, =14-2=12N
For 4 kg block, T, =(4)(a)

T, =(4)2) =8N+

Sample Example 5.15  Two blocks of mass 4 kg and 2 kg are attached by an inextensible
light string as shown in figure. Both the blocks are pulled vertically upwards by a force
F =120N.Find :

(a) the acceleration of the blocks,

(b) tension in the string. (Take g =10 m/s ‘),

Fig. 5.46

Solution (a) Leta be the acceleration of the blocks and T the tension in the string as shown in figure.

F= 120N _
y A

br l___x ‘\QA@ B’Q )

(
Fig. 5.47 " Zﬂ
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Taking the two blocks and the string as the system.
Using IF, =ma 4 We get

or
or

F_4g_2g=(4+2)a

120-40-20=6a
60=6a
a=10 ms?

(b) Free body diagram of 2 kg block is as shown in Fig. 5.49.

' F=120N

. 0

/ 29
r
Fig. 5.48 N Fig. 5.49
r-‘( o T PR B
Using v & FF

or

Note

y =ma, we get
T-2g=2
T -20=(2)(10)
T=40N
If the string is having some mass, tension in it js diffe

erent at different points.
Under such condition tension on the string at some point js calculated as
under :

In the adjoining figure the length of the string connecting the two blocks is 2 m
and mass is 2 kg. Tension at A, B and C (centre point) can be calculated by
considering the motion of system below A, B and ¢, For example :
- F —weight of 2kg - weight of 4 k

mass of 2 kg + mass of 4 kg+

8 — weight of string
mass of string
_100-20-40-20

24+4+2
=20 55 mis?
8
Refer Fig. (a)
TA

or

or

_mABg ‘40=(mAB +4h
Ty =20-40= (24 4y 5)
T, =75N

— 1y

(g =10 m/s?)
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A |TA

"

(a) . (b (c)
Fig. 5.51

BITB

, 1

Refer Fig. (b)

or To —10-40=(1+4)(2.5)
or T =62.5N
Refer Fig. (c) Ty —40=4a

or Ty =40+4x 2.5
or Ty =S0N

Introductory Exercise [} {
1. Three blocks of mass 1 kg, 4 kg and 2 kg are placed on a smooth '
horizontal plane as shown in figure. Find: 120N m_SON
(a) the acceleration of the system, .
(b) the normal force between 1 kg block and 4 kg block, )
() the net force on 2 kg block.

2. Two blocks of mass 2 kg and 4 kg are released from rest over a
smooth inclined plane of inclination 30° as shown in figure, What
is the normal force between the two blocks?:

2

\,

3. What should be the acceleration ‘a’ of the box shown in ﬁguré so that the block
of mass m exerts a force %g_ on the floor of the box?
|a
Fig. 5.54
4

- Aplumb bob of mass 1 kg is hung from the ceiling of a train compartment. The train moves on an inclined
plane with constant velocity. If the angle of incline is 30°. Find the angle made by the string with the
normal to the ceiling. Also, find the tension in the string. (g =10 m/s?)

5. Repeat both parts of the above question, if the train moves with an accelerationa = g/2 up the plane.
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6. Two blocks of mass 1 kg and 2 kg are connected by a string /;ﬁ
of mass 1 kg. The blocks are placed on a smooth honzo; :
surface. Block of mass 1 kg is pulled by a hoﬁzoqtal force BO
magnitude 8 N. Find the tension in the string at points A and B.

/
VIEX pulleys

As an author I personally feel that problems based on pulleys become very 51mlple using pulling foree
method. Now, let us see what is this pulling force method with the help of an ex‘amp e.

Suppose two unequal masses m and 2m are attached to the ends of a light
inextensible string which passes over a smooth massless pulley. We have to find the
acceleration of the system. We can assume that the mass 2mis pulled downwards by a
force equal to its weight, i.e,, 2mg. Similarly, the mass m is being pulled by a force of
mg downwards. Therefore, net pulling force on the system is 2mg —mg =mg and
total mass being pulled is 2m + m = 3m.

Acceleration of the system is

Net pulling force

"~ Total mass to be pulled

_mg_¢g
3m 3

Let us now take few examples based on pulling force method.

Note While considering net pulling force, take the forces (or their components) which are in the direction of
motion (or opposite to it) and are single (i.e., they are not forming pairs of equal and oppsite forces). For
example weight (mg) or some applied force F. Tension makes an equal and opposite pair. So, they will
not be included, unless the system in broken at some place and only one tension is considered on the
remaining system.

Sample Example 5.16  In the system shown in figure pulley is slmooth. Stri

) ng is massless and inextensible.
Find acceleration of the system a, tensions T, and T. 5.(g =10 m/s? )

Fig. 6,57
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Solution Here, net pulling force will be:
Weight of 4 kg and 6 kg blocks on one side — weight of 2 kg block on the other side. Therefore,
- Net pulling force

Total mass
_(6x10) + (4x 10)-(2)(10)
6+4+2 T
a
=20 m/s? I I
3
For T}, let us consider FBD of 2 kg block. Writing equation of motion, we get '
T, —20=24 Wo=20N
or Ty ik i AU g
303 a |
For T, we may consider FBD of 6 kg block. Writing equation of motion, we get I
T, =60-6a We=60N
60— 6(@) Fig. 5.58
3
=5y

3

Exercise : Draw FBD of 4 kg block. Write down the equation of motion for it and check whether the
values calculated above are correct or not.

Sample Example 5.17 In the system shown in figure all surfaces are smooth. String is massless and
inextensible. Find acceleration a of the system and tension T in the string. (g =10 m/ s%)

—_a

2kg

Fig. 5.59

Solution Here, weight of 2 kg is perpendicular to motion (or a). Hence, it will not contribute in net pulling
force. Only weight of 4 kg block will be included.
Net pulling force _ (4)(10)
" Total mass (4+2)

=E(-) m/s?
3
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; : T
For T, consider FBD of 4 kg block. Writing equation of motion. '
40-T=4a
T=40-4a * la
20
- | 4 —
40 ( 3 J Ws =40 N
40 = Fig. 5.60
3

Exercise: Draw FBD of 2 kg block and write down equation of motion for it. Check whether the valyes
calculated above are correct or not.

Sample Example 5.18 I the adjacent figure, mass of A, B
and Care 1 kg, 3 kg and 2 kg respectively. Find :

(@) the acceleration of the system and

(b) tension in the String.

Neglect friction. (g =10 m/s* )

Solution (a) In this case net pulling force

=m g sin 60°+ mp g sin 60° - m. g sin 30°

V3 3 1
=102 + gyao L —(2)(10)(_J
2 2 2
=24.64 N
Total mass being pulled =1+ 3+2=6 kg
.. Acceleration of the system a = 21;)17 =4.1 m/s?
(b) For the tension in the string between 4 and B,
FBD of 4
my gsin 60° =T, =(m, Xa) Ty
Ty =m, gsin60°—pm, 4 a
=m, (gsin 60° - q) o
T =(1)(10x£_4_1] /
. 4 m, g sin 60°
=4.56N Fig. 5.62
For the tension in the string between B and G,
FBD of C
TZ_mchin30°=mCa £ \

a
T =mc (a+gsin 30°) 3
T, =2[3.53 + 10(1)] megsin 30°
2

. Fig. 5.63
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Introductory Exercise [FE}|

1. In the arrangement shown in figure what should be the mass of
block A, so that the system remains at rest? Neglect friction and
mass of strings.

Fig. 5.64

2. In the arrangement shown in figure, find the ratio of tensions in the strings
attached with 4 kg block and that with 1 kg block.

Fig. 5.65

3. Two unequal masses of 1 kg and 2 kg are connected by a string going over a
clamped light smooth pulley as shown in figure. The system is released from rest.
The larger mass is stopped for a moment 1.0 s after the system is set in motion.
Find the time elapsed before the string is tight again.

Fig. 5.66

4. Two unequal masses of 1 kg and 2 kg are connected by an inextensible
light string passing over a smooth pulley as shown in figure. A force
F =20 N is applied on 1 kg block. Find the acceleration of either block.

(& =10m/s?).

Fig. 5.67
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I3 constraint EquationsZQ

: ocities) of different
These equations basically establish the relation between accel: :;::2:1(;:1':;;]5 are as)many as the nr::z::,::
attached by string(s). Usually it is observed that the number of-con; examples we can better understanq th
of strings in the system under consideration. From the following few )

method.

Sample Example 5.19 Using constraint method find the relation between accelerations of 1 and?,

Xy
1
Fig. 5.68 & Fig. 5.69

Solution At any instant of time let x and x, be the displacements of 1 and 2 from a fixed line (shown
dotted).

Then, X +x, =constant

or X +x; =1 (length of string)

Differentiating with respect to time, we have

Vi +v, =0 or v =-v,
Again differentiating with respect to time, we get
a ta, =0 or a = -a,

This is the required relation between a, and a,,

[ L.e., accelerations of ] and 2 are equal but in opposite
directions.

Sample Example 5.20 Find the constraint relation, between q, a, and q
b 3 %

X2

Fig. 5.70
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Solution Points 1, 2, 3 and 4 are movable. Let their displacements from a fixed line be x, , x,, x; and x,.
We have,

x +x4 =1 (length of first string) ...(1)
and (xy =xg )+ (x3 —x4)=1, (length of second string)
or Xy + X3 =2x4 =1, ...(i)
On double, differentiating with respect to time, we get

a +a, =0 ...(1i1)
and a,+ay-2a,=0 - (iv)
But since a, =-a [From Eq. (iii)]
We have, a,+ a;+ 2a, = 0

This is the required constraint relation between a, ,a, and a;.

2]
]

Fig. 5.72

Sample Example 5.21 Using constraint equations find the relation between a, and ay.

Solution Points 1, 2, 3 and 4 are movable. Let their displacements from a fixed line be x, , ¥y, ¥, andxy
' X, +xy =1

(X, =x3)+ (x4 =x3) =1,

(x; = x4 )+ (xg =x4) =15

On double differentiating with respect to time, we will get following
three constraint relations

a, +a;=0 u.(n
al +a4—k’3 =0 "‘(ii)
a, +ay -2a, =0 (i

Solving Egs. (i), (ii) and (iii), we get

a, = =Ta,

Which is the desired relation between a, and a,.
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_ ds. Fi
Sample Ex ample 5.22 At certain moment of time, velocities of | and 2 both are 1 m/s upwards. Find the
velocity of 3 at that moment.

Solution In Instance 20, we have found
a, +ay +2a, =0
Similarly, we can find
v, + V3 + 2y, = 0
Taking, upward direction as positive we are given:
v =v, =lm/s

V3 =— 3m/s
i.e., velocity of block 3 is 3 m/s (downwards).

Fig. 5.74

Introductory Exercise ||

1. Consider the situation shown in figure. Both the pulleys and A
the string are light and all the surfaces are smooth. ¢
(a) Find the acceleration of 1 kg block.
(b) Find the tension in the string.
(g =10 m/s?).

iy

Fig. 5.75
2. Calculate the acceleration of either blocks and tension in

the string shown in figure. The pulley and the string are
light and all surfaces are smooth.

Fig. 5.76

3. Find the mass M so that it rgmains atrest in the adjoining figure. Bo
pulley and string are light and friction is absent g:'l:rywh: :he
(g =10 m/s%). | )

Fig. 5.77
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4. In figure assume that there is negligible friction
between the blocks and table. Compute the tension in
the cord connecting m, and the pulley and
acceleration of m, if m, =300g, m, =200g and
F =0.40N.

{IE&d Pseudo Force

Before studying pseudo force let us first discuss frame of reference. A systeni of coordinate axes
which defines the position of a particle or an event in two or three dimensional space is called a frame of
reference. The simplest frame of reference is, of course, the familiar cartesian system of coordinates, in
which the position of the particle is specified by its three coordinates x, y and z. Frame of references are
of two types :

(a) Inertial frame of reference

A non-accelerating frame of reference is called an inertial frame of reference. A frame of reference
moving with a constant velocity is an inertial frame of reference.

(b) Non-inertial frame of reference
An accelerating frame of reference is called a non-inertial frame of reference.

Note A rotating frame of reference is a non-inertial frame of reference, because it is also an accelerating one.

Now, let us come to the pseudo force. Newton’s first two laws hold good in an
intertial frame only. However, we people spend most of our time on the earth which
is an (approximate) inertial frame. We are so familiar with the Newton’s laws that we
will still like to use ‘total force equals mass times acceleration’ even when we use a

non-inertial frame. This can be done if we agree to call (-m ;0 )a force acting on the

particle. Then while preparing the list of the forces acting on a particle P, we include Fig. 5.79
all the (real) forces acting on P by all other objects and also include an imaginary

force —m;o. Here, a, is the acceleration of the non-inertial frame under consideration. After y
applying this additional imaginary force (called pseudo force) —m 2, we can now use ‘total A '
force equals mass time acceleration’ even in non-inertial frames also. Now, with the help of a %
simple example let us see what problem arises if we don’t apply the pseudo force —m ;o while

using F =m :(second law) in non-inertial frame. Suppose a block 4 of mass m is placed ona lift F’.';g 580

ascending with an acceleration a,. Let N be the normal reaction between the block and the floor
of the lift. Free body diagram of 4 in ground frame of reference (inertial) is shown in Fig. 5.80.

2 N —mg =may
or N=m(g +a,y) ...(1)
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-inertial
But if we draw the free body diagram of 4 with respect to the elevator (a non

.. s et
frame of reference) without applying the pseudo force, as shown 1n Fig. 5.81, we g -
N -mg=0 or N'=mg in AN (Atres
Since, N"# N, either of the equations is wrong. But if we apply 2 pseUd;) t:t::l of
non-inertial frame of reference, N' becomes equal to N as shown in Fig. 5.82. Acceler
block with respect to elevator is zero.

mg
] .. (iii) Fig. 5.81
or N' = m(g + a, )
- N' - N N‘

Pseudo force is given by i‘; = —mi’o. Here, E'o is the acceleration of the non-inertial
frame of reference and m the mass of the body under consideration. In the whole chapter,
we will show the pseudo force by l_":, : A

Thus, we may conclude that pseudo force is not a real force. When we draw the free A I (At rest)
body diagram of a mass, with respect to an inertial frame of reference we apply only the real
forces (forces which are actually acting on the mass), but when the free body diagram is

drawn from a non-inertial frame of reference a pseudo force (in addition to all real forces) " m.‘i_ +Fp
ere Fp=may
has to be applied to make the equation F=ma, valid in this frame also. Fig. 5.82

Note In case of rotating frame of reference this pseudo force is called the centrifugal force when applied for
centripetal acceleration. Let us take few examples of pseudo forces.

Sample Example 5.23 In the adjoining figure, the coefficient of
Jriction between wedge (of mass M) and block (of mass m) is .
Find the minimum horizontal force F required to keep the block
stationary with respect to wedge.

Fig. 5.83
Solution  Such problems can be solved with or without using the concept of pseudo force. Let us, solve the
problem by both the methods. ‘
- ac?lerau(,n of (wedge + block) in horizontal direction
B M+m’

Inertial frame of reference (Ground)

FBD of block with respect to gound (only real forces have to applied)
with respect to ground block is moving with an acceleration ‘g

. Therefore, y
LF, =0 and ZF =pmq [
mg = H.N and N = ma N X

a=

T o

F=(M+ma=M+m& ™

n a
Fig. 5.84



CHAPTER 5 Laws of Motion 197

Non-inertial frame of reference (Wedge)
FBD of ‘m’ with respect to wedge (real + one pseudo force) with respect to

wedge block is stationary. F=pN
: IF, =0= ZF'\.
mg=pN and N =ma Fp=ma N
a=&
1
and F=(M+m) mg
g Fig. 5.85
=(M+m)=
n

From the above discussion, we can see that from both the methods results are same.

Sample Example 5.24  All surfaces are smooth in following figure. Find F, such that block remains
stationary with respect to wedge.

AT

Fig. 5.86

Solution Acceleration of (block + wedge) a= L)

Let us solve the problem by both the methods.

From inertial frame of reference (Ground)
FBD of block w.r.t. ground (Apply real forces):

Ncos 6
}'I
Nsin © X

mg
“a
Fig. 5.87
With respect to ground block is moving with an acceleration a.
IF, =0 = N cos 0 =mg (1)
and LF, =ma = N sin 0 =ma (i)
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From Egs. (1) and (ii) —
a=g
F=(M+m)
=(M+m)gtan 0

From non-inertial frame of reference (Wedge)

FBD of block w.r.t. wedge (real forces + pseudo force)
Ncos 6

Fpo=ma Nsin 6

Fig. 5.88
Ww.r.t wedge, block is stationary .
IF, =0= NcosO=mg -..(ii)
ZF =0= Nsin 0=ma - iv)
From Egs. (iii) and (iv), we will get the same result
Le, F=(M+m)g tan 0.

Sample Example 5.25 Abobofmassmu:mpemufromthecalmgq’a#mmvmgwnhm
acceleration a as shown in figure. Fmdtheangle()meqml ibrium position.

Fig. 5.89
Solution This problem can also be solved by boththemethod&

Inertial frame of reference (Ground)
FBD of bob w.r.t. ground (only real forces)

6
Tshe

Flg. 5.90
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With respect to ground, bob is also moving with an acceleration ‘a’.
ZF, =0 = TsinO®=ma ...(1)
and ZFy =0 = TcosO=mg ...(11)
From Egs. (i) and (ii), we get
tan 0=2 or O=tan"" (ﬂ)
g g

Non-inertial frame of reference (Train)
FBD of bob w.r.t train. (real forces + pseudo force):

Tcos®
; T
L8
=4
Fp =ma ma Tsin 6
mg mg

Fig. 5.91
with respect to train, bob is in equilibrium
2F, =0= TsinO=ma ...(iii)
IF,=0= TcosO=mg ...(iv)

From Egs. (iii) and (iv), we get the same result, i.e.,
=
g

Sample Example 5.26 In the adjoining figure, a wedge is fixed to an ] a
elevator moving upwards with an acceleration a. A block {)f mass m is
placed over the wedge. Find the acceleration of the block with respect to o
wedge. Neglect friction. ‘@; :

\6

Fig. 5.92

Solution  Since. acceleration of block w.r.t. wedge (an accelerating or non-inertial frame of reference) is to
be find out, ’

N
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FBD of *block’ w.r.t, ‘wedge” is shown indFig, ;963‘;12“16) if the lift were stationary of when only weigh
The acceleration would had been g sin 6 (down

(i.e., mg) acts downwards. he pl
Here, downward force is m(g + a)- i pinBowHIEe RS
. Acceleration of the bloclf(of course w.r.t. wedge) will be (g+a)

lm Friction onent of contact force between two

As we have discussed in Article 5.1 friction is the pgra.llel cot!LP Friction can operate between a given
bodies in contact. These forces are basically electromagnetic ll'{ “amr. 5 | force exerted by fluids is called
pair of solids between a solid and a fluid or between a pair of fluids. Frictiona

viscous force. When two bodies slip over each other the force of .ﬁ'“:“o“ 1 c?”z::;enm Lripon, Dutsitiea
they do not slip but have a tendency to do so the force of friction 1S called static .

Regarding friction it is worth noting that: .

1. Ifabody is at rest and no pulling force is acting on it, force of frfctlon o B . )

2. Ifaforce is applied to pull the body and it does not move, the friction ach which is equal in magnitude
and opposite in direction to the applied force, i.e., friction is self adjusting force. Further, as the body
is at rest the friction is called static friction.

3. Ifthe applied force is increased the force of static friction also increases. If the applied force exceedsa
certain (maximum) value, the body starts moving. This maximum force of static friction upto which
body does not move is called limiting friction. Thus, static friction is a self adjusting force with an
upper limit called limiting friction.

4. This limiting force of friction ( f, )is found experimentally to depend on normal reaction (). Hence,

fi <N
or fo=ps N
Here, p , is a dimensionless constant and called coefficient of static friction, which depends on nature
of surfaces in contact.

5. If the applied force is further increased, the friction opposing the motion is called kinetic or sliding

friction. Experimentally, it is well established that kinetic friction is lesser than limiting friction and is
given by ’

n it is zero.

Je =pi N
where p; is coefficient of kinetic friction and less than T
=

Note (i) In problems ifugandp, are separately not given byt only p jis gj
Y 1 IS given. Th
- L=1fk=uN & en use
(ii) If more than two blocks are placed one over the ot ;
ground then normal reaction between two blocks wi;}‘;)’; a horizonta]
weight of the blocks over the common surface, equal to the
For example N, = normal reaction between Aand B
=mu g
N, = normal reaction between B and C
The th ; = [m"d:am")g.“"d 50 on,
e theory of static and kinetic friction cq
the following simple example. 1 be better understooq by
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Sample Example 5.27 Suppose a block of mass 1 kg is placed over a rough

surface and a horizontal force F is applied on the block as shown in figure. Now, F
let us see what are the values of force of friction f and acceleration of the

block a if the force F is gradually increased. Given thatp., =0.5 b, =0.4 and

g =10mis>. Fig. 5.95

Solution Free body diagram of block is

a y
—l
Y mgl—— F ‘ .
f :
Fig. 5.96
IF, =0
N-mg=0
or N =mg =(1)(10)=10N
Ju =1, N=(0.5)10)=5N
and Je =npN =(04)(10)=4N
Below is explained in tabular form, how the force of friction f depends on the applied force F.
F t Free =F -1 Acceleration of block a= FLn:'— Diagram
0 0 0 0
2N 2N 0 0
4N 4N 0 0
SN SN 0 0
6N 4N 2N 2 m/s?
8N 4N 4N 4 m/s?
\
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Graphically this can be understood as under :
f(N)

F(N)

Fig. 5.97

Note that f = F'till F < f, . Therefore, slope of line Od will be I (y = mx)or 8(ms?)
angle of line 04 with F-axis is 45°,
Here, a=0for F <5N /
and a=m=u=F—4forF>5N 5
m 1 . 5 T(N)
a-F graph is shown in figure. When F'is slightly increased from 5 N, acceleration ,
of block increases from 0 to 1 m/s?. Think why?

Fig. 5.98

Note Henceforth, we will take coefficient of friction as W unless and until specially mentioned in the question
M and u, separately.

Angle of friction ™)
At a point of rough contact, where slipping is about to occur the two forces acting - ___ F
on each object are the normal reaction N and frictional force N
The resultant of these two forces is F and it makes an angle A with the normal
where ;

Wy

tan A=— =
N 1]
-1 uN
or A=tan ()

D) Fig. 5.99
This angle A is called the angle of friction, g

Angle of repose (a)
Suppose a block of mass m is placed on an inclined pPlane whoge

inclination 8 can be increased or decreased. Let, be, the coefficient of -

friction between the block and the plane. At a general angle 0, Rt
Normal reaction N =mg cos 0 ®

Limiting friction f; =uN =pmg cos 0 " -
and the driving force (or pulling force) — —
Fig. 5.100
thr ti that when 0 j (Down the plane)
From these three equations we see that when @ i increased from (o 10 90°, ng, ; .
N T : ~ . N o 2 m l - ’ h ices
the limiting friction fL is decreased while the driving force f IS Increaseq, There is o c:it:::; :‘\lll :/u:sgd ;’ l;lc
of repose () at which these two forces are equal, Now, it 0is further increased, then th, ng iving force F
becomes more than the limiting friction J1. and the block starts sliding, » then the driving fc

F =mg sin o
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Thus, fL=F at 6=a

or W mg cos o =mg sin

or tan a=p

or a=tan"' (n) ....(ii)

From Egs. (i) and (ii), we see that angle of friction (A)is numerically equal to the angle of repose.
or A=a
From the above discussion we can conclude that
If6<a, F < f; the block is stationary
If6=0, F = f; theblock is on the verge of sliding
and if 6 > o, F > f; the block slides down with acceleration

L_F-1;

=g (sin 8 —p cos 0)

How, N, f; and F varies with 0, this can be shown graphically as N, f, F

shown in Fig. 5.101.
N =mg cos 6 e e Fi
or N occos O E
fiL =umgcos 8 umg N !
or fi, <cos 6 : f :
F =mgsin 0 : |
or F ocsin 0 : :
Normally u<l [o) ) ; a 90° o
So, Ju <N. Fig. 5.101

Sample Example 5.28 A particle of mass 1 kg rests on rough contact with a plane inclined at 30° to the
horizontal and is just about to slip. Find the coefficient of friction between the plane and the particle.

Solution The given angle 30° is really the angle of repose o.. Hence,
1
p =tan 30°=—
V3

Sample Example 5.29 A block of weight W rests on a horizontal plane with which the angle of
friction is A, A force P inclined at an angle 8 to the plane is applied to the plane until it is on the point of
moving. Find the value of © for which the value of P will be least.

Fig. 5.102

Solution In the limiting case contact force Fis inclined at Ato the normal. Only three forces act on the block.
Applying Lami’s theorem, we get
P w

sin (180°—X) sin (90°— 0+ 4)
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1
1
3 F 1 90°-0_aP

e A
~sin (90°+6)
P_ W
" sinA cos(6-1)
or p= W sin A 4
00sL9-A) Fig. 5.103
P will be least when cos (8 —1)is greatest because ¥ and A are constant.
i.e., when cos (0-A)=1 and 6-A=0°
o B=2 Ang,

Sample Example 5.30 ' Figure shows two blocks in contact sliding down an inclined su:f;c: o_; inclination
30°. The friction coefficient between the block of mass 2.0 kg and the incline is ., = 0.20and & a(; n;m;een the
block of mass 4.0 kg and the incline is w, =0.3Q Find the acceleration of 2.0 kg block. (g =10m/s”).

Fig. 5.104

Solution Since, p; <u,, acceleration of 2 kg block down the plane will be more than the acceleration of

4 kg block, if allowed to move separately. But as the 2.0 kg block is behind the 4.0 kg block both of them will
move with same acceleration say ‘a’. Taking both the blocks as a system.

Force down the plane on the system = (4 + 2) g sin 30°
=<6>(10)G) ~30N

Force up the plane on the system

=H1(2)(g)cos 30°+ 1, (4)(g)cos 30°
=(2p, +4n,)gcos 30°
=(2x02+4x 0.3)(10) (0.86)
~13.76 N
. Net force down the plane is F =30-13.76=16.24 N
. Acceleration of both the blocks down the plane will be g,
F 1624 -

a=—_=

2
4+2 6 2.7 mis
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Introductory Exercise [FE}{

In figure m, =1 kg and m, = 4 kg. Find the mass M of the hanging block which will prevent the smaller

block from slipping over the triangular block. All the surfaces are frictionless and the strings and the
pulleys are light

Fig. 5.105

Note In exercises 2 to 4 the situations described take place in a box car which has initial velocity v = 0 but acceleration

2.

3.

4.

S.

2= (5 m/s?)i. (Take g =10 m/s?)

y
t —_— a=5ms?
I G v=0
/’
I’s
z
Fig. 5.106

A 2 kg object is slid along the frictionless floor with initial velocity (10 m/ s)i (@) Describe the motion of
the object relative to car (b) when does the object reach its original position relative to the box car.

A 2 kg object is slid along the frictionless floor with initial transverse velocity (10 m/s) k. Describe the
motion (a) in car’s frame (b) in ground frame.

A 2 kg object is slid along a rough floor (coefficient of sliding friction = 0.3) with initial velocity
(10 m/s)i. Describe the motion of the object relative to car assuming that the coefficient of static
friction is greater than 0.5.

Ablock is placed on an inclined plane as shown in figure. What must be the frictional force between block
and incline if the block is not to slide along the incline when the incline is accelerating to the right at

3m/s? (sin 37°= %)v (Take g =10 m/s?)

Al'i‘,
S
A P L

7°f

— a =3 m/s?

Fig. 5.107
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Extra Points . |

® The common problem which I feel, students often face is the resolution of forces. Following two rules cap

be made in thi -

Rulez; 5 ullf ﬁesbmﬁin equilibrium, you can resolve the forces in any tc)hrecnon. Net force should be zer,
. < 2 A 3 uilibrium.

in all directions. A bod ving with constant velocity is also in equ . .

Rule2: If thl:sbody is );cl:;:lerate:l resolve the forces along acceleration and perpendicular to it. Net force
along acceleration = ma and net force perpendicular to acceleration is zero.

® To find net force on a body find the acceleration of the body. Net force = mass x acceleration.

=3m/s?

a=
1+2+3

Therefore,net force on 1 kg block =1 x3=3N

This 3 N is the resultant of the applied force 18 N and normal reaction between 1 kg block and 2 kg block.

Similarly, net force on 2 kg block =2 x3 = 6N

This is the resultant of normal reactions (1 kg and 2 kg) and (2 kg and 3 kg) blocks.
® Force of friction does not oppose the motion of a body but it opposes

the relative motion between two bodies in contact.

As far as motion of individual body is concerned it is sometimes Rough

friction which is responsible for its motion.

For example, in the figure shown the 1 kg block moves with 2 kg block

only due to friction.

Smooth
Fig. 5.109

= Mathematically a body is said to be in equilibrium, if

(a) Net force acting on it is zero, i.e., Fre =0

(b) Net moments of all the forces acting on it about any axis is zero, Ph sically the is said to be
in equilibrium, if it is perm'anently atrest (unless some other forcelgs app{ied ogoify“?;]:;t;fas;dismrb
its equilibrium). If a body is at rest just for a moment, it does Dot mean it is in e u’ih'brium

5 ple, whe{l a ball is t_hmwn upwards, at highest point of its journey it mom?antaril c&mes at rest,

but there it is not in equilibrium. A net force (equal to its weight) js acting downward. D y: that force it

but thero it ' . Due to tha

If a problem is asked on equilibrium, check whether the

rest just for a moment.

Now, if the body is in equilibrium, you may resolve the fo

on the body should be zero in all directions.

body is in equilibrium (permanent rest) or it is at

rces in any direction (%, y. z whatsoever). Net force

seconds. Obviously the net fomg on the body should point in that - y movi ol
components qf all the forces in a direction perpendicular to the net force o?t:)n‘(::l:;i d\:lmctma.l Tl?ereuon
in which motion is likely to occur after few seconds should be zero, P AT foithe
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s Ifapulley is massless, net force on it is zero even, if it is accelerated. For example in the adjoining figure-
T, =2, whether the pulley is accelerated on not provided the pulley is massless. This is because
Fra =massxaooeleratinnand?,‘wﬂlbezemifpnlleyismassless.

T

Fig. 5.110

-Thedhecﬁonofﬁicﬁonforceonmchofthemissuchasﬂeitherswpsthe F
relative motion or attempts to do so. For example, if a force F is applied on block
A of a two block system, the direction of frictional forces at different contacts on

different bodies will be as shown:
Here, y = force of friction between A and B
and f» = force of friction between B and ground

= Force of friction f = Q, if no driving force is applied.

foL (=usN1
If driving force is applied but no relative motion is there.
and f=u N

If relative motion is there.

So, apply kinetic friction whenever you see the relative motion between two
bodies in contact. But don’t apply f = f; in case there is no relative motion.
Because being a self adjusting force only that much amount will act which is
required for stopping the relative motion. So, it may be less than f, also.

Fig. 5.112

* A common mistake which the students err in hurry is that they always write f, = umg (in case of harizontal
ground) or f; = pmg cos O (in inclined surface). The actual formula is fL =uN. Here, N is equal to mg or
mg cos 6 upto when no force is acting at some angle (# 0°) with the plane.

N=mg N=mgcos @ N=mgcos o
f,=umg f,#pmg f, # pmg cos 6 f, = pmg cos 6
Fig. 5.113

* Acar (orany vehicle) accelerates and decelerates by friction. So, maximum acceleration or deceleration of a
car on horizontal ground can be pg, unless some external force is applied.
Exercise : Think about maximum acceleration or retardation on an inclined road.

—
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Solved Examples
Level 1

i re.
; ings as shown in figu
Example 1 Determine the tensions T, andT, inthe string:

; i irections. As the
Solution Resolving the tension T, along horizontal and vertical dir
body is in equilibrium,

¢
T, sin 60°=4x 9.8N (Ei;
T, cos 60°=T,
4%x9.8
= Gneoe
S
&
Bt MY P
V3 C N/

T, =T, cos 60°=45.26x 0.5=22.63 N

. 35 . 3 . O A
Il of mass 1 kg hangs in equilibrium from two strings
5:3“3’1;903 shﬁ&ﬁ: in?igure. What are the tensions in strings OA and OB?
(Take g = 10 m/s?).

W= 10N
Fig. 5.126
e Al
Solution Various forces acting on the ball are as showy in Fig 5.116. The three concurrent fores &
! ; i’s theorem
ilibrium. Using Lami’s t ’
equili il 0 _ 10
sin 150°  sjn 1200 sin 90°
T R ()
o $in 30° sin 60° |
T, =10sin 300

=10x 0,5=5N
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and T, =10sin 60°—10><£—5\/3N

Example 3 A 4 m long ladder weighing 25 kg rests with its upper end against a smooth wall and lower end
on rough ground. What should be the minimum coefficient of friction between the ground and the ladder for it
to be inclined at 60° with the horizontal without slipping? (Take g =10 m/s*).

Solution In Fig 5.117 AB is a ladder of weight W which acts at its centre of gravity G.

ZABC =60°

ZBAC =3(0°
Lct N, be the reaction of the wall, and N, the reaction of the ground.
Force ot friction fbetween the ladder and the ground acts along BC.
For horizontal equilibrium,

f=N, (i)
For vertical equilibrium,

N,=W ...(ii)
Taking moments about B, we get for equilibrium,
N, (4cos 30°)-W(2cos 60°)=0 ...(iii)

Here, W =250N

Fig. 5.117

Solving these three equations, we get
f=7217N and N, =250N
f 1217

O LT
SRR

Example 4 A block of mass 25 kg is raised by a 50 kg man in two different ways as shown in figure. What is the
action on the floor by the man in the two cases? If the floor yields to a normal force of 700 N, which mode should

the man adopt to lift the block without the floor yielding? (Take g =9.8 mis*).

Solution In mode (a), the man applies a force equal to 25 kg weight in upward direction. According to
Newton's third law of mouon, there will be a downward force of reaction on the floor.

\‘,\N\ (b)
Fig. 5.118 6)
. Total action on the floor by the man
=50kg-wt + 25 kg-wt =75 kg -wt
=75x 98 N=735N
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5

["“‘°"°(b)~themanapplimadovmw.ardfoﬂ:eeﬁl'-““‘"5

reaction will be in the upward direction.

" Total action on the floor by the man 5k
:Sokg-“T—zskg-W1--
=25x9.8N=245N

Asmeﬂooryieldstoado“n“ardforteoﬁOON.SOlhem‘mShould .

. onas. - 'mwrm MWeWhIIEMPd

figure (@). What horizontal force F should be appiied 15

_— According to Newton’s third law, the

-wi

adopt mode (b).

Example 5 A block of mass 200 kg is sef into
ﬁ'ictionlcspulleyandaropes}xtemasshonzlin
produce in the block an acceleration of 1m/s™?

Fig. 5.119

Solution  As shown in Fig. (b), when force F is applied at the end of the string, the tension in the lower part of
the string is also F. If Tis the tension in string connecting the pulley and the block. then,

T=2F
But T =ma=(200X1) =200N
2F =200N
or F=100N

Example 6 A block of mass 1 kg is pushed against a rough vertical wall with a force of 20 N, coefficient of
static friction being % - Another horizontal force of 10 N is applied on the block in a direction parallel to the
wall. Will the block move? If yes, in which direction? If no, find the frictional ed by the wall on the
block. (g =10 mis™) force exerted by
Solution Normal reaction on the block from the wall will be
N=F=20N
Therefore, limiting friction :
1
Ji =pN =(Z] (20)=5N
Weight of the block is

W =mg=(1X10)=10 N
A horizontal force of 10 N is applied to the block. The resultan

forces will be 102 N in the direction shown in figure. S uﬁtso.:m two
icti e, ultant is

ter than the limiting friction. The block will move j L N
greal in the direction of R with

acceleration
_Fo =S _10J2-5

m 1

a

=9.14 mjs?
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Example 7 Figure shows a man standing stationary with
respect to a horizontal conveyor belt that is accelerating with
1ms . What is the net force on the man? If the coefficient of
static friction between the man’s shoes and the belt is 0.2,
upto what acceleration of the belt can the man continue to be
stationary relative to the belt? Mass of the man =65 kg.
(g =9.8m/s?)

Fig. 5.122

Solution  As the man is standing stationary w.r.t. the belt,

: Acceleration of the man = Acceleration of the belt

=a=1ms™

Mass of the man, m=65kg

Net force on the man =ma=65x 1=65N

Given coefficient of friction, n=02

.. Limiting friction, fL =pmg

If the man remains stationary with respect to the maximum acceleration a,, of the belt, then

may = f; =pmg
ay =pg =0.2x 9.8=1.96 ms

Example 8 A block of mass m is at rest on a rough wedge as shown
in figure. What is the force exerted by the wedge on the block? Sl

Solution Since, the block is permanently at rest, it is in equilibrium. Net force on it should be zero. In this
case only two forces are acting on the block.
(1) Weight = mg (downwards).
(2) Contact force (resultant of normal reaction and friction force) applied by the wedge on the block.
For the block to be in equilibrium these two forces should be equal and opposite.

Therefore, force exerted by the wedge on the block is mg (upwards).

Note (i) From Newton’s third law of motion-force exerted by the block on the wedge is also mg but
downwards.

[ii) The result can also be obtained in a different manner. The normal force on the block is
N = mg cos 6 and the friction force on the block is f = mg sin @ (not u mg cos 6)

These two forces are mutually perpendicular.

. Net contact force would be N + f2or \/(mg cos O + (mg sin O which is equal to mg.
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Problem © 4 ball of mass 1 kg is at rest in position P by means ?ﬂ;v:;
light strings OP and RP. The string RP is now cut and ’he b all swmghen
position Q. If 0 = 45°. Find the tensions in the strings in pos mor;s Gl

RP was not cut) and OQ (when RP was cut). (Take g = 10m/s”)

Solution In the first case, ball is in equilibrium (permanent rest). Therefore, net
force on the ball in any direction should be zero.

~.(Z¥) in vertical direction =0
or

T, cos 0=mg
or O
cos ©
Substituting m, =1kg, g =10 m/s> and 6 =45°.
we get, T, =1V2N Fig. 5.125

Note Here, we deliberately resolved all the forces in vertical direction because component of the tension in RP in
vertical direction is zero. Although, since, the ball is in equilibrium, net force on it in any direction is zero. But

in a direction other than vertical we will have to consider component of tension in RP also, which will
unnecessarily increase the calculation.

In the second case ball is not in equilibrium (temporary rest). After few seconds it will move in a direction
perpendicular to OQ. Therefore, net force on the ball at Q is perpendicular to OQ, or net force along OQ =0.

e T, =mgcos 0
Substituting the values, we get T, =5/2N
Here, we can see that T, T,

Level 2

Example 1 Two blocks of mass m=5kg and M =10 kg are connected by a -
string passing over a pulley B as shown. Another string connects the centye of
pulley B to the floor and passes over another pulley A as shown. An upward
force F is applied at the centre of pulley A. Both the pulleys are massless
Find the acceleration of blocks m and M, if F is; }

(@) 100N

(b) 300N

(c) 500 N. (Take g= lOm/sz)

Fig. 5.126
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Solution Let T, = tension in the string passing over 4 = To
T = tension in the string passing over B
2T, =F and 2T =T, A B

= T=F/4 : ‘

(a) T=F/4=25N
weights of blocks are mg =50N To To T °T

Mg =100N Fig. 5.127
As T <mg and Mg both, the blocks will remain stationary on the floor.
(®) T=F/4=15N

As T < Mg and T > mg, M will remain stationary on the floor, whereas m will move.
acceleration of m,
a=T—mg =75_50=5m/sz
m 5
(c) T=F/4=125N
As T > mg and Mg, both the blocks will accelerate upwards.
Acceleration of m,

& =T—mg=125—50=15m/sz
m 5
Acceleration of M,
gy Mg _125-100 )
M 10
Example 2 Consider the situation shown in figure the akg Big

block B moves on a frictionless surface, while the coefficient
of friction between A and the surface on which it moves is
0.2. Find the acceleration with which the masses move and

also the tension in the strings. (Take g =10m/ s%).
20 k
Fig. 5.128

Solution Let a be the acceleration with which the masses move and 7; and 7, be the tensions in left and right
strings. Friction on mass 4 is pmg = 8 N. Then equations of motion of masses 4, B and C are

For mass 4 T, -8=4a (1)
For mass B T,=8 (i)
For mass C 200-7, —-T, =20a ...(i11)
Adding the above three equations, we get 32a =192

or a=6ms>
From Egs. (i) and (ii), we have . T, =48N

and T, =32N
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Example 3 Thyee blocks of mass my,m, and m; are

connected as shown in the figure. All the surfaces are

Jrictionless and the string and the pulleys are light. Find the
acceleration of m,.

Solution  Suppose the acceleration of m is a, towards right.

The acceleration of pulley B will also be a, downwards
because the string connecting m, and B is constant in length.
Also the string connecting m, and m; has a constant length.
This implies that the decrease in the separation between m,
and B equals the increase in the separation between m; and B.
So, the upward acceleration of m, with respect to B equals the
downward acceleration of m, with respect to B. Let this
acceleration be a, ..

The acceleration of m, with respect to the ground
=ay —a, (downward) and the acceleration of m, with respect
to the ground =a, + a, (downward).

Let the tension be 7} in the upper string and 7, in the lower
string. Consider the motion of the pulley B.

The forces on this light pulley are

(a) T, upwards by the upper string and

(b) 2T, downwards by the lower string.
As the mass of the pulley is negligible,

2, -T, =0 giving T, sl
Motion of m, : In the horizontal direction, the equation is

Ty =mya,
Motion of m, : mg —T,/2 =m,(a, —

Motion of m; : mg -T2 = my(a, + a,)

Solving these four equations, we get

a°= g

\
l+2‘—(l+l
4 \m; "

Fig. 5.129

—;ao

Ty

T,
| =
a - ar

“Fig. 5.130

a+a

()
...(ii)
(i)
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Example 4 Two blocks A and B of mass 1 kg and 2 kg respectively are
connected by a string, passing over a light frictionless pulley. Both the blocks
are resting on a horizontal floor and the pulley is held such that string
remains just taut.

At moment t =0, a force F =20t newton starts acting on the pulley along
vertically upward direction as shown in figure. Calculate:

(a) velocity of A when B loses contact with the floor-.

(b) height raised by the pulley upto that instant. (Take, g =10 m/s*)

Fig. 5.131

Solution (a) Let T be the tension in the string. Then,
2Ir=20¢ or T =10¢newton

Let the block 4 loses its contact with the floor at time ¢ = t,. This happens when the tension in string
becomes equal to the weight of A. Thus,

T=mg or 10t =1x10 or ¢ =lIs ...(1)

Similarly, for block B, we have

Le., the block B loses contact after 2 s. For block 4, at time ¢ such that # > ¢, let a be its acceleration in upward
direction. Then,
10r —1x 10=1x a=(dv/dt)

or dv=10(t - 1)dt ...(1ii)
Integrating this expression, we get
J: dv=1oj‘ (1 -1)dt
1

Gé v=512 —10t + 5 .(iv)

Substituting t =1, =25
v=20-20+5=5m/s (V)

(b) From Egq. (iv), dy=(5t* =10t + 5)dr (Vi)
Where y is the vertical displacement of block 4 at time 7 (2¢, ).

Integrating, we have
=h _ =2 2 .
L=o dy= L. (51> =10t + 5) it

AT 2T 2 5
=5{—| -10|—| +5[1] ==

5 . h_S
" Height raised by pulley upto that instant = 5= m
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Example 5 Fing the acceleration of the body of mass M in the
arrangement shown in Fig. 5.132. If the mass m isn times greal Zs
the mass m, , and the angle that the inclined plane forms with 1 el
horizontal js equal to 0. The masses of the pulleys and threads, as we /
as the friction, are assumed to be negligible.

Solution Here, by constraint relation we can see that the
acceleration of m, is two times that of m;. So, we assume if m is
moving up the inclined plane with an acceleration a, the
acceleration of mass m, going down is 2a. The tensions in
different strings are shown in figure.

The dynamic equations can be written as
Formass m; 2T - m gsin 0 =ma ()
For mass m, myg —T =m,(2a) ...(ii)

Substituting m, =mm, and solving Egs. (i) and (ii), we get

Acceleration of m, =2a= 2N -sn )
4n+1

Example 6 In the arrangement shown in Fig. 5.134 the mass of the ball is 1 times as

great as that of the rod. The length of the rod is I, the masses of the pulleys and the
threads, as well as the friction, are negligible. The ball is set on the same level as the
lower end of the rod and then released. How soon will the ball be opposite the upper end
of the rod? :

Fig. 5.134

Solution From constraint relation we can see that the acceleration o
acceleration of the ball. If ball is going up with an acceleration a,
acceleration 24, thus, the relative acceleration of the ball with respect to .
time 7 seconds to reach the upper end of the rod, we have

f the rod is double than that of the
rod will be coming down with the
od is 3ain upward direction. If it takes

2
t=_|— g
3a A0
Let mass of ball be m and that of rod is M, the dynamic equations of these are
For rod Mg ~T = M(2q)

()

For ball 2T - mg =ma (i)
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Substituting m =M and solving Egs. (ii) and (iii), we get

w| 221
a_(n+4jg
. ’21(11 +4)

3g(2-m)

Example 7 Figure shows a small block A of mass m kept at the left
end of a plank B of mass M =2mand length I. The system can slide

on a horizontal road. The system is started towards right with the
initial velocity v. The friction coefficients between the road and the

From Eq. (i), we have

plank is 1/2 and that between the plank and the block is 1/4. Find:

(a) the time elapsed before the block separates from the plank.

(b) displacement of block and plank relative to ground till that
moment,

Solution There will be relative motion between block and plank
and plank and road. So at each surface limiting friction will act. The
direction of friction forces at different surfaces are as shown in

figure. :
Here, A =G] (mg)

1 3
== +2m)g =| =
ne & (2) G2k (2) g
Retardation of 4 is a = -ﬁ- =&
m 4
N _h-h_S
and retardation of B is a, - : g
Since, a, >a,

Relative acceleration of 4 with respect to B is

1
(a) Applying s=5at

I
(b) Displacement of block Sq=ugl =5 Ayt

| L1818
o 4T3 T2 4 (3%

Fig. 5.136
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I _2,
or sy =4v ‘3; 3

Displacement of plank sg =ug! =7 dg!

5
1 1 5 E (a =4, =—
or Sp =4v‘/’§;—'2‘[§g)[3g St
5
or Sg =4v\/§_§-§[ A,

Note We can see that s A — S = 1. Which is quite obvious because block A has moved a distance I relative to
plank.

Example 8 Two blocks A and B of mass 2 kg and 4 kg are placed one over
the other as shown in figure. A time varying horizontal force F =2t is
applied on the upper block as shown in figure. Here t is in second and F is
in newton. Draw aq 8raph showing accelerations of A and B on y-axis and

5 . s i : 1
fime on x-axis. Coefficient of friction between A and B is p=3 and the

horizontal surface over which B is Pplaced is smooth. (g =10m/s*) Fig. 5.137

Solution Limiting friction between A and B is
1
Jo=pm,g =(5) (2) (10)=10N

Block B moves due to friction only. Therefore, maximum acceleration of B can be

G =L =105 5 s
mg 4
Thus, both the blocks move together with same acceleration till the common acceleration becomes
2.5 m/s?, after that acceleration of B will become constant while that of 4 wij] 80-on increasing. To find the
time when the acceleration of both the blocks becomes 2.5 m/s? (or when slipping will start between 4 and B)

we will write
fL=10N fu=10N
For t>75gec
Fig. 5.138
2.5= L =£
(my+my) 6
2 t=17.5s
Hence, for t<75s
a4 =Qp = F —2—’
4 A md +'mB 6 3



CHAPTER 5 Laws of Motion 219

Thus, @, versus t Or ag versus t graph is a straight line passing through origin of slope %

For,

and

or

aA=

t2735s
ap =2.5 m/s® =constant
L
my
-1 or a, =t->5

2

Thus, a , versus t graph is:a straight line of slope 1 and intercept 5. While a, versus t graph is a straight
line parallel to ¢ axis. The corresponding graph is as shown in Fig. 5.139.

2.5 m/s?

asorag
aa
45°
.......... ag
;8% H
Vs i tang=1
3
0 . t
75s

Fig. 5.139
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AIEEE Corner

Subjective Questions (Level 1)
Free Body Diagram

1. Arod 4Bof weight W, is placed over a sphere of weight
'f'_: as shown in figure. Ground is rough and there is no
tnctloq between rod and sphere and sphere and wall.
Draw free body diagrams of sphere and rod separately.

Note No friction will act between sphere and ground, think  Wall

why ?
2. Arod OA is suspended with the help of a massless string 4B as :;t‘\\
shown in figure. Rod is hinged at point O. Draw free body X
diagram of the rod. A
\\‘Q\\\.A B
3. Arod AB is placed inside a rough spherical shel] as shown i g
free body diagram of the rod. nn figure. Draw the
A

Equilibrium of Forces

(a) Concurrent forces
4. In figure the tension in the diagonal string is 60 N,
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- -
(a) Find the magnitude of the horizontal forces F, and F, that must be applied to hold the system in the

position shown.
(b) What is the weight of the suspended block ?

5. The 50 kg homogeneous smooth sphere rests on the 30° incline 4 and
against the smooth vertical wall B. Calculate the contact forces at 4 and B.

6. All the strings shown in figure are massless. Tension in the horizontal string is 30 N. Find W.

(b) Coplanar forces

7. A cube of mass 2 kg is held stationary against a rough wall by a force F = 40N passing through centre C.
Find perpendicular distance of normal reaction between wall and cube from point C. Side of the cube is

20 cm. Take g = 10m/s .

8. A sphere of weight W = 100N is kept stationary on a rough inclined plane
by a horizontal string AB as shown in figure. Find :
(a) tension in the string,
(b) force of friction on the sphere and
(c) normal reaction on the sphere by the plane.
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9.

. ing AB as shown in figure. Length of
Aod OA of mass 4 kg s held in horizontal position by amassless StTing

the rod is 2 m. Find :

(a) tension in the string, 2
(b) net force exerted by hinge on the rod. (g =10m/s*)

Newton’s Laws

10.

11.

12.

13.

In the figure shown all surfaces are smooth. Find :
(a) acceleration of all the three blocks,

(b) net force on 6 kg, 4 kg and 10 kg blocks and
(c) force acting between 4 kg and 10 kg blocks.

Three blocks m; =10kg, m, =20kg and my =30kg
are on a smooth horizontal table, connected to each
other by light horizontal strings. A horizontal force
F =60 N is applied to m,, towards right. Find :

(a) tensions 7} and 7, and

(b) tension T, if all of a sudden the string between m, and m, snaps.

Two blocks of mass 2.9 kg and 1.9 kg are suspended from a rigid support S by two
inextenible wires each of length 1 m, as shown in the figure. The upper wire has
negligible mass and the lower wire has a uniformly distributed mass of 0.2 kg. The
whole system of blocks, wires and support have an upward acceleration of
0.2 m/s 2. Acceleration due to gravity is 9.8 m/ 2.

(a) Find the tension at the mid-point of the lower wire,
(b) Find the tension at the mid-point of the upper wire.

Two blocks shown in figure are connected by a hea

upward force of 200 N is applied as shown,

(a) What is the acceleration of the system ?

(b) What is the tension at the top of the rope ?

(c) What is the tension at the mid-point of the rope ? 4
(Take g =9.8m/s?)

VY uniform rope of mass 4 kg, An
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14. A 20 kg monkey has a firm hold on a light rope that passes over a frictionless pulley and is attached to a
tzl:) kg bunch of bananas. The monkey looks upward, sees the bananas, and starts to climb the rope to get
em.
(a) As the monkey cljmbs. do the bananas move up, move down, or remain at rest ?
(b) Asthe monkey climbs, does the distance between the monkey and the bananas decrease, increase, or
remain constant ? '

(c) The monkey re[eases her hold on the rope. What happens to the distance between the monkey and
the bananas while she is falling ?

(d) Before reaching the ground, the monkey grabs the rope to stop her fall. What do the bananas do ?
Constraint Equations
Note (Q. 15 to Q 23) Assume massless strings, massless and smooth pulleys.
15. Inthe pulley-block arrangement shown in figure. Find the relation between acceleration of blocks A4 and B.

Y

16. In the pulley-block arrangement shown in figure. Find relation between a , ,az and a. .

17. Inthe figure shown find relation between magnitudes ole)A and?n. O
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18. In the figure shown, a, = 6m/s? (downwards) and a, =4m/s ? (upwards). Find acceleration of |,

o

19. In the figure shown, find acceleration of the system and tensions T}, T, and 7.
(Take g =10m/s?)

20. In the figure shown. Find : (g =10m/s?)

(a) acceleration of 1 kg, 2 kg and 3 kg blocks and
(b) tensions 7} and 7,.
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21. Find the acceleration of the block of mass M in the situation shown in the figure. All the surfaces are
frictionless.

All the surfaces are frictionless. (Take g =10m/s?)
23. Find the acceleration of the blocks 4 and B in the situation shown in the figure.

Friction
24. In the three figures shown, find acceleration of block and force of friction on it in each case.

202N
. F=20N a F=20N

pg=0.6 pug=0.6 pns=0.2
Hk=04 Kk = 0.4 Rg = 0.1

(@) (b) (©
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25. A conveyor belt is moving with constant speed of 6 .m/s. A small block is just dropped o j
Coeflicient of friction between the two is p =0.3. Find :

6 m/s

(@) The time when relative motion between them will st9p.
. (b) Displacement of block upto that instant. (g =10m/s~).
Note (Q. 26 and Q. 27) : Assume that lower block is very long.

26. Coefficient of friction between two blocks shown in figure isp =0.4.The blocks are given velocities of2
m/s and 8 m/s in the directions shown in figure. Find :

Smooth

(a) The time when relative motion between them will stop.
(b) The common velocities of blocks upto that instant.

(c) Displacements of 1 kg and 2 kg blocks upto that instant. (g=10m/s?)

27. Coefficient of friction between two bloc
the directions shown in figure. Find :

ks shown in figure isp = 0.6 The blocks are given velocities in

3m/s

18ms —

Smooth
(a) Time when relative motion between them is stopped.

(b) The common velocity of the two blocks.
(c) The displacements of 1 kg and 2 kg blocks upto that ins

tant. (Take g =10m/s?)
28. A 2kgblock is pressed against a rough wall b

Y aforce F = 20N a5 shown

. o - f
the block and force of friction acting on i, (Take g =10y 2y in figure. Find acceleration 0

Hs=0.8
Hk=0.6

Wal|



29. A 2 kg block is kept over a rough ground with coefficient of friction

30.

31
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p = 08as shown in figure. A time varying force ' = 2¢ (F in newton and ¢

in second) is applied on the block. Plot a graph between acceleration of W
block versus time. (g =10m/s?) =08

A 6 kg block is kept over a rough surface with coefficients of friction p s =0.6andp, =0.4as shownin
figure. A time varying force F' = 4¢ (F in newton and ¢ in second) is applied on the block as shown. Plot a
graph between acceleration of block and time. (Take g =10m/s?)

px=0.4

A 6 kg block is kept on an inclined rough surface as shown in figure. Find
the force F required to :

(a) keep the block stationary,
(b) move the block downwards with constant velocity and
(c) move the block upwards with an acceleration of 4 m/s>.

(Take g =10m/s?)

ps=0.6
=04

Objective Questions (Level 1)
Single Correct Option

1.

Two balls 4 and B of same size are dropped from the same point under gravity. The mass of 4 is greater
than that of B. If the air resistance acting on each ball is same, then

(a) both the balls reach the ground simultaneously
(b) the ball A reaches earlier

(c) the ball B reaches earlier

(d) nothing can be said

. Three equal weights 4, B and C of mass 2 kg each are hanging on a string passing over a fixed

frictionless pulley as shown in the figure. The tension in the string connecting weights
Band Cis

(a) zero (b) 13N
(€)33N (d) 196N

In a figure a block of mass 10 kg is in equilibrium. Identify the string in which the
tension is zero.

(@) B

(b)c

(c)4

(d) None of the above
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4.

10.

11.

i e breaking st 2 .
At what minimum acceleration should a monkey should slide a rope whos g strength 3 rd of jtg
weight ?
2g g (d) zero
(@) 5 (b)g ©3

For the arrangement shown in the figure the reading of spring balance
is

(@) 50N

(b) 100N

(¢) 150N

(d) None of the above

For the arrangement shown in figure, the tension in the string is given by

QRS (b) %mg

(c) mg (d)2mg

The time taken by a body to slide down a rough 45° inclined plane is twice that required to slide downa
smooth 45°inclined plane. The coefficient of kinetic friction between the object and rough plane is given
by

1 3 3 2
@3 ®)7 (c)\/; (d)\g

The force required to just move a body up the inclined plane is double the force required to just prevent
the body from sliding down the plane. The coefficient of friction is . If 8 is the angle of inclination ofthe
plane than tan @ is equal to

@p (b)3p (c)2p (d)05p
A block of mass m is placed at rest on an inclined plane of inclination 0 to the horizontal. If the coefficient

of friction between the block and the plane is i, then the total force the inclined plane exerts on the block
is

(a) mg (b) u mg cos® (c) mgsin® (d) p mg tan6
A force F) accelerates a particle from rest to a velocity v. Another force F, decelerates the same partick
from v to rest, then B

(a) F, is always equal to F,

(b) F, is greater than F\

(c) F, may be smaller than, greater than or equal to F,
(d) F, cannot be equal to F,

A particle is placed at rest inside a hollow hemisphere of radius R. The coefficient of friction betwceﬂ“‘

article and the hemisphere is p = —. y . . "
’ " g V3 The maximum height up to which the particle can ™"
stationary is

R i
©32 (b)(l—T]R “”%R @3
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12. In the figure shown, the frictional coefficient between table and block is 0.2. Find the ratio of tensions in

13.

14.

15.

16.

17.

18.

the right and left strings.

T2 Ty

(a)17:24 (b)34:12 (€)2:3 (@3:2
A smooth inclined plane of length L having inclination 8 with the horizontal is inside a lift which is

moving down with a retardation a. The time taken by a body to slide down the inclined plane from rest
will be.

’ 2L ’ oL 2L
d
® (g +a)sin® (g- a) sm 0 ©) asin® @ gsin®

A block rests on a rough inclined plane making an angle of 30° with horizontal. The coefficient of static
friction between the block and inclined plane is 0.8. If the frictional force on the block is 10N, the mass of
the block in kg is (g = 10m/s?)

(a)2.0 (b)4.0 (c) 1.6 (d)2.5

In figure two identical particles each of mass mare tied together with an inextensible string. This is pulled
at its centre with a constant force F. If the whole system lies on a smooth horizontal plane, then the
acceleration of each particle towards each other is

4 5

B3F 2 F F
—_— b e = d)VJ3—
@ ()zf (C)J_m ()Jm

A block of mass m is placed at rest on a horizontal rough surface with angle of friction ¢ The block is
pulled with a force F at an angle 6 with the horizontal. The minimum value of F required to move the

block is

mg sin ¢ mg cos ¢ 0 .
N cos(6 - ¢) " cos (0 -¢) (c) mg tand (d) mgsin¢

A block of mass 4 kg is placed on arough horizontal plane. A time dependent horizontal force F = kt acts
on the block, k =2Ns ™' . The frictional force between the block and plane at time ¢ =2s is (n =Q2)

(a)4N (b) 8N (c) 12N (d 10N

A body takes times / to reach the bottom of an inclined plane of angle 6 with the horizontal. If the plane is
made rough, time taken now ls 21. The coefficient of fnctwn of the rough surface is

(a)ztane (b)stane (c)—tane (d)—tane
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19,

20.

21.

22,

23.

25.

. A heavy body of mass 25 kg is to be dragged along a horizonta] plane(p = l}

Mechanics-|

ceiling of an elevator y;

A man of lides down along a rope which i.s conneas(ivti(t)ht:: accelefation arelative t tlhl:
) lan (:' mass lmﬁs to the rope. If the elevator is going upwar

eceeralonanea ve .
ground, then tension in the rope is - (c) m(g +a) (d) zero

m(g +za ichi hed to the platform y;
f\a;(;" kg d (bZ)Sk(g latform. He pulls on the rope thhdl: ::t:z o ?f the force(:vtiht;
Gt e o Tt o PV
Ctionless pulleys as shown in .

Wwhich the person pulls the rope is

(a) 500 N (b)250 N (c)25N (d) None of these

i ient of friction i
A ladder of length 5 m is placed against a smooth wall as shown.m ﬁgllr(;’f(-i Thi: ‘:;‘:T)CS'E:QO I5p
between ladder and ground. What is the minimum value of H, if the ladder :

1 3
(a)p=% (Bl ©p==

5
dp==
dp 3
If a ladder weighing 250 N is placed against a smooth vertical wall having coefficient of friction between
it and floor 0.3, then what is the maximum force of friction available at the point of contact between the
ladder and the floor?
(@) 75N (b) 50N (¢)35N (d)25N

The least force required

(a) 25 kef (6) 2.5 kgf

A block A of mass 4 kg is kept on ground. The coe
0.8. The external force of magnitude 30 N
the ground on the block is

(a) 40 N (b)30N

() 12.5 kgf

fficient of friction between
ed paralle] to the ground. Th

(d) 6.25 kgt

the block and the ground bl:
e resultant force exerted b)

is appli

(c) zero (d)SON



26.

27.

29.

30.

31
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A block A of mass 2 kg rests on another block B of mass 8 kg which rests on a horizontal floor. The
coetfficient of friction between 4 and B is 0.2 while that between B and floor is 0.5. When a horizontal
“orce F of 25 N is applied on the block B, the force of friction between 4 and B is

(@3N (b)4N (©)2N (d) zero

A body of mass 10 kg lies on a rough inclined plane of inclination

9=sin"' (g) with the horizontal. When the force of 30 N is applied on the

block parallel to and upward the plane, the total force by the plane on the
block is nearly along

(a)o4 (b)OB

(c)oC (d)oD

In the figure shown, a person wants to raise a block lying on the ground to a height 4. In which case he has
to exert more force. Assume pulleys and strings are light

(i)

(a) Fig. (1) (b) Fig. (ii)

(c) Same in both (d) Cannot be determined
A man of mass mstands on a platform of equal mass m and pulls himself by
two ropes passing over pulleys as shown in figure. If he pulls each rope with a
force equal to half his weight, his upward acceleration would be

g
(a) 5

b
()4

©g
(d) zero
A varying horizontal force F = at acts on a block of mass m kept on a smooth horizontal surface. An
identical block is kept on the first block. The coefficient of friction between the blocks is p. The time
after which the relative sliding between the blocks prevails is

(a) 2mg (b) 2pmg ) H"& (d)2p mga
a

a a

Two particles start together from a point O and slide down along straight smooth wires inclined at 30°
and 60° to the vertical plane and on the same side of vertical through O. The relative acceleration of
second with respect to first will be of magnitude

g V3g £ d
(a)z () 5 (C)‘/5 (d) g
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JEE Corner

Assertion and Reason

Directions : Choose the correct option. . ;
(@) If both Assertion and Reason are true and the Reason is correct explamlmon f’f the Assert.mn_
(b) If both Assertion and Reason are true but Reason is not the correct exp anation of Assertion,
(¢) If Assertion is true, but the Reason is false.
(d) If Assertion is false but the Reason is true. ) .

1." Assertion : If net force on a rigid body in zero, it is either at rest or moving with a constant lineyr
velocity. Nothing else can happen. )
Reason : Constant velocity means linear acceleration is zero.

- =2

2. Assertion : Three concurrent forces are F1 , F2 and F3. Angle between F1 and F> is 30° and between
i)n and is is 120°. Under these conditions, forces cannot remain in equilibrium.

Reason : At least one angle should be greater than 180°.

Assertion : Two identical blocks are placed over a rough inclined plane. One block is given an upward
velocity to the block and the other in downward direction. Ifp = % and 6 = 45° the ratio of magnitudes of

accelerations of two is 2 : 1.

Reason : The desired ratio is l+—p
—p

4. Assertion : A block 4 is just placed inside a smooth box B as shown in figure. Now, the box is givenan

s ST RN ; .
acceleration a = (3 j - 2i) ms . Under this acceleration block A €annot remain in the position shown.

> N -
Reason : Block will require m a force for moving with acceleration :

5. Assertion : A block is kept at rest on a rough ground as shown, T i ilf
. . . Two fi ngonlt
we increase either of the two forces F, or F. 2» force of friction will in(;::::eF Senth s

Reason : By increasing F|, normal reaction from ground will increase

6. Assertion : In the figure shown force of fric
Reason : Friction always opposes the re|

. Fy
tion on 4 from B 4——“ h
contact. alive motion bet

will be right wards.
ween two bodies in
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7. Assertion : In the figure shown tension in string 4B always lies between 2m, g and 2m,g. (m, # my )

10.

11.

A
B

m
mz

Reason : Tension in massless string is uniform throughout.
Assertion : Two frames S, and S, are noninertial. Then frame S, when observed from §, is also
noninertial.
Reason : A frame in motion is not necessarily a non-inertial frame.
Assertion : Moment of concurrent forces about any point is constant.
Reason : If vector sum of all the concurrent forces is zero, then moment of all the forces about any point
is also zero.

Assertion : Minimum force is needed to move a block on rough surface, if 6 = angle of friction.
Reason : Angle of friction and angle of repose are numerically same.

Assertion : When a person walks on a rough surface, the frictional force exerted by surface on the person
is opposite to the direction of his motion.
Reason : It is the force exerted by the road on the person that causes the motion.

Objective Questions (Level 2)
Single Correct Option

1.

What is the largest mass of C in kg that can be suspended without moving blocks 4 and B ? The static
coefficient of friction for all plane surface of contact is 0.3. Mass of block 4 is 50kg and block B is 70kg.

Neglect friction in the pulleys

(a) 120 kg (b) 92 kg (c) 81kg (d) None of these

2. A sphere of mass 1 kg rests at one corner of a cube. The cube is moved with a velocity v=&i-2%}

Where 1 is time in second. The force by sphere on the cube at £ =1s is (¢ =10ms ) [Figure shows
vertical plane of the cube)
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y
—_ X
(a)8N (b) 10N (c)20N (s

wedge of mass M and

. : oth
3. A smooth block of mass m s held stationary on a smo erom rest, then the

inclination 0 as shown in figure. If the system is released
normal reaction between the block and the wedge is

(a) mg cos 6

(b) less than mg cos 0

(c) greater than mg cos 0 .
(d) may be less or greater than mg cos 6 depending upon whether m is lessios greaEC ot iy

4. Two blocks of masses m, and m, are placed in contact with each otl?er'on
a horizontal platform as shown in figure. The coefficient of fnctan
between m, and platform is 2 and that between block m, and platform is
K. The platform moves with an acceleration a. The normal reaction
between the blocks is

(a) zero in all cases (b) zero only if m; =m,
(c) non zero only if a>2 pg (d) non zero only if a>pg

5. A block of mass m is resting on a wedge of angle 0 as shown in the figure. With what minimum
acceleration a should the wedge move so that the mass m falls freely?

(a) g (b) gcosO (c) gcotO (d) gtan 6
6. To a ground observer the block C is moving with v, and the blocks 4 and B are
moving withv; and v, relative to C as shown in the figure. Identify the correct

statement.
(a) 14 _VZ =v0 (b)vl :vz
©) v +vo=v, (d) None of these

7. Ineachcase m, =4kgandm, =3kg.Ifaq,,

il Jrs @, and a;are the respective accelerations of the block m, in

— a4

(a)a, >a, >a; (b)a; >a, =a, (©)a, =a, =q, (d)
2 a, >a3 >a:



9.

10.

11.

12.

13.
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For the arrangement shown in figure the coefficient of friction between the two
blocks is . If both the blocks are identical, then the acceleration of each block is

F F
K SO ] Tl
(@ 2m e ®) 2m

() L Hg (d) zero
2m

In the arrangement shown in the figure the rod R is restricted to move in the
vertical direction with acceleration a,, and the block B can slide down the
fixed wedge with acceleration a,. The correct relation between a, and a, is
given by

(a)a, =a, sin 6

(b)a, sinB=a,

(c)a;cosO=a,

(d)a, =a; cos 8

In figure the block moves downwards with velocity v,, the wedge moves rightwards with velocity v,.
The correct relation between v, and v, is

01
12’ ﬂ* V4 |
@) v, =v, (b) v, =v, sinB (c)2v, sinB =v, d) v, 1 +sinB@)=v,

In the figure, the minimum value of a at which the cylinder starts rising up the inclined surface is

(a) gtan® (b) gcotO (c) gsin® (d) g cos®
When the trolley shown in figure is given a horizontal acceleration a, the
pendulum bob of mass m gets deflected to a maximum angle 6 with the vertical.
At the position of maximum deflection, the net acceleration of the bob with
respect to trolley is
(a)Vg? +a? (b) acos®
(c) gsin® —acosO (d)asin®
In the arrangement shown in figure the mass M is very heavy compared to m (M >> m). The
tension T in the string suspended from the ceiling is
(a)4 mg
(b) 2 mg
(c) zero
(d) None of the above

L
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14,

1S.

16.

17.

18.

o the horizontal can be varied. Which of the following

A block rests on a rough plane whose inclination 8t e block and the plane varies as 0 is increased?

graphs indicates how the frictional force / between

F
Fl/ F l/\ F’\ l
i —»0 —-0
ol w5l % Ol 90 @ ] %
@ (b) © @

The minimum value of . between the two blocks for no slipping is

F F
() m_g (b) _3mg
2F 4F
e d) —
© 3mg @ 3mg

A block is sliding along incline as shown in figure. If the acceleration of chamber is a as shown in the

figure. The time required to cover a distance L along incline is _—
2L 2L
(a) - (b) . f———
gsinB —acosO gsinf +asin®
2L 2L
©) |[———— (d) - ]
gsinB +acos@ gsin0

In the figure, the wedge is pushed with an acceleration of 10v/3 m/s2. It is seen that the block starts
climbing up on the smooth inclined face of wedge. What will be the time taken by the block to reach the

top?

(a)%s » (b)%s “"/ a=10+3 mis?
5 5

©5s ) ? s

A block of weight W is kept on a rough horizontal surface (friction coefficient K). Two forces L4 each are
applied as shown in the figure. Choose the correct statement.

wi2

(a) Forp > ?3 block will move B
(b) Forp < 7 work done by friction force is zero (in ground frame)

(c) Forp > > friction force will do positive work (in ground frame)

(d) Forp < isi- block will move
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19. Two blocks A and B are separated by some distance and tied by a string as shown in the figure. The force
of friction in both the blocks at r =25 is

my=1kg my=2kg
F'=2t ’ —

-

i =06 =05

(@)4N (2),5N(«) (b)2N(>),5N(«) (€)ON(=),10N(«) (d)IN(«),10N(«)

20. Allthe surfaces and pulleys are frictionless in the shown arrangement. Pulleys P and Q are massless. The
force applied by clamp on pulley P is

@2 (Bi-3)  OLWBis)  ©FNR (d) None of these

21. Two blocks of masses 2 kg and 4 kg are connected by a light string and kept on horizontal surface. A
force of 16 N is acted on 4kg block horizontally as shown in figure. Besides it is given that coefficient of
friction between 4 kg and ground is 0.3 and between 2kg block and ground is 0.6. Then frictional force

between 2 kg block and ground is

p=as: 4 F=16N

p=03

(@) 12N (b)6 N (c)4N (d) zero

22. A smooth rod of length / is kept inside a trolley at an angle 6 as shown in the figure. What should be the
acceleration @ of the trolley so that the rod remains in equilibrium with respect to it?

—
a
0
h
(a) gtan® (b) g cosO (c) gsin® (d) g cot®
23. A car begins from rest at time =0, and then accelerates along a straight tra%k during the interval
0 < < 25 and thereafter with constant velocity as shown in the graph. ﬁ v=2t

A coin is initially at rest on the floor of the car. At/ =1s, thecoin | \
begins to slip and its stops slipping at 7 = 3s. The coefficient of static e

| \
friction between the floor and the coin is (g =10 m/s?) ’E«T E E E
(a) 0.2 (b)0.3 = o
(c)0.4 (d)0.5 ( E E 5
24. A horizontal plank is 10.0 m long with uniform density and mass 1‘ é ; ; '(J

10kg. It rests on two supports which are placed 1.0 m from each end
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: k without causin ;
as shown in the figure. A man of mass 80kg can stand upto distance x on the plank without causing to

tip. The value of x is

1
3 e
(a)% m (b)%m (C)Zm (d)sm

25. A block is kept on a smooth inclined plane of angle of inclination 6 that moves with a constan
acceleration so that the block does not slide relative to the inclined plane. If the inclined plane stops, the
normal contact force offered by the plane on the block changes by a factor

(a) tan@ (b)tan20 (c)cos? (d)cot®

26. A uniform cube of mass m and side a is resting in equilibrium on a rough 45° inclined surface. The

distance of the point of application of normal reaction measured from the lower edge of the cube is

a 8 ()=
(a) zero (b) - (c) 5 4

5

27. A horizontal force F = m—f is applied on the upper surface of a uniform cube of mass m and side a which

is resting on a rough horizontal surface having p = —; The distance between lines of action of mg and

normal reaction is

(a)2 OF ©2 (d) None of these
2 3 4
28. Two persons of equal height are carrying a long uniform wooden plank of A 8
length /. They are at distance £ and é from nearest end of the rod. The ratio of
normal reaction at their heads is
(a)2:3 (b)1:3
(c)4:3 (dy1:2

29. A ball connected with string is released at an angle 45° with the vertical as
shown in the figure. Then the acceleration of the box at this instant will be

(mass of the box is equal to mass of ball) Smooth
g g Surface
a)= b)=2 m
(a) 2 (b) =
g
c)= d
( )2 (d)g
30. In the system shown in figure all surfaces are smooth. Rod is moved b
external agent with acceleration 9 ms 2 vertically downwards, Force exert z *
on the rod by the wedge will be ke
(a) 120N (b) 200 N
(c) 160N (d) 180 N
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32.

33.

34.

3s.

36.

37.
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A thin rod of length 1 m is fixed in a vertical position inside a train, which is moving horizontally with
constant acceleration 4 ms 2. A bead can slide on the rod and friction coefficient between them is 0.5. If

the bead is released from rest at the top of the rod, it will reach the bottom in
(a)V2 s (b)1s (€)2s (d)0.5s
Three solid hemispheres of radii R each, are placed in contact with each other with their flat faces on a
rough horizontal surface. A sphere of mass mand radius R is placed symmetrically on top of them. The
normal reaction between the top sphere and any hemisphere assuming the system to be in static
equilibrium is

mg mg mg .
B)— (b)—= == (d) None of these

3 V3 V3

Mr. X of mass 80 kg enters a lift and selects the floor he wants. The lift now accelerates upwards at
2 ms 2 for 2 s and then moves with constant velocity. As the lift approaches his floor, it decelerates at the

same rate as it previously accelerates. If the lift cables can safely withstand a tension of 2x 10* N and the

lift itself has a mass of 500 kg, how many Mr.X’s could it safely carry at one time?
(a) 22 (b) 14 (c) 18 (d) 12
A particle when projected in vertical plane moves along smooth surface with
initial velocity 20 ms ™" at an angle of 60°, so that its normal reaction on the
surface remains zero throughout the motion. Then the slope of the tangent to
the surface at height Sm from the point of projection will be

(a) 30° . (b) 45° (c)tan”'2 (d) None of these

Two blocks 4 and B, each of same mass are attached by a thin
inextensible string through an ideal pulley. Initially block B is
held in position as shown in figure. Now, the block B is released.
Block 4 will slide to right and hit the pulley in time ¢ , . Block B
will swing and hit the surface in time 7. Assume the surface as
frictionless, then

(@)t >t byt <ty
(©) 1, =t (d) data insufficient

60°

Three blocks are kept as shown in figure. Acceleration of 20 kg block with respect to ground is

2

(a) 5 ms™2 (b)2ms™ (c) 1 ms™ (d) None of these

A sphere of radius R is in contact with a wedge. The point of contact is % from

the ground as shown in the figure. Wedge is moving with velocity 20 ms™!
towards left then the velocity of the sphere at this instant will be

(a) 20 ms™' (b) 15 ms™"

(c) 16 ms™ (d12ms™
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38.

39.

40.

41.

42.

o2 ms” while string is winding on the motor shaft wigy,

In the figure it is shown that the velocity of lifti ! with respect to lift, then find gy

i ity2ms”~
velocity 2 ms~' and shaft 4 is moving downward with velocity
the velocity of block B
I8

@2ms™'1 (b)2ms™¥ (c)4ms™'T (H)Noneof hese

A monkey pulls the midpoint of a 10 cm long light inextensible string connecting two ldfntlcal objc'cu
Aand B lying on smooth table of masses 0.3 kg continuously along the pmdlcuhr bfsecwr of In}:
joining the masses. The masses are found to approach each other at a relative acceleration of 5 ms
when they are 6 cm apart. The constant force applied by monkey is

(a)4N (b)2N (€)3N (d) None of these

In the figure shown the block B moves with the velocity 10 ms ™. The velocity of 4 in the position shown
is

(a)12.5ms™ (b)25 ms™ (c) 8 ms™ (d) 16 ms™

In the figure m, =my =m, =60kg. The coefficient of friction between C and ground is 0.5, B and

ground is 0.3, 4 and B is 0.4. C is pulling the string with the maximum possible force without moving.
Then the tension in the string connected to 4 will be

(a) 120N (b) 60 N © 100N

In the figure shown the acceleration of A is a 4 — 155 + 15'12
Then the acceleration of B is (4 remains in contact with B)

(a)6i
(b)-15i
(c)-10i

(d-5i
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45,

47.
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Two blocks 4 and B edth of mass m are placed on a smooth horizontal A B

surface. Two horizontal forces F and 2F are applied on the blocks 4 and B~ F 2F
respectively as shown in figure. The block 4 does not slide on block B. A

Then the normal reaction acting between the two blocks is

F F
@F (b) ©)—= (d)3F
2 V3
Two beads 4 and B move along a semicircular wire frame as shown in figure. The c

beads are connected by an inelastic string which always remains tight. At an B8
instant the speed of A isu, £ BAC =45°and BOC =75° where O is the centre of
the semicircular arc. The speed of bead B at that instant is ¢ Ofcentre)
(a) V2u (b) u

R

u 2
©— (d) \/;" =

22
If the coefficient of friction between 4 and B is u, the maximum acceleration of the wedge A for which B

will remain at rest with respect to the wedge is
B

A

45°

l+p I-p g
-y ©g— @=
(@) pg (b)g(l_p) s "
A pivoted beam of negligible mass has a mass suspended from one end /> b
and an Atwood’s machine suspended from the other. The frictionless ﬁ A
pulley has negligible mass and dimension. Gravity is directed downward

and M, =3M; I, =3I,. Find the ratio Fl which will ensure that the

2

beam has no tendency to rotate just after the masses are released

M M, =
(3)7; - (®) M, 3
() ﬂ = (d) None of these

2

A block of mass m slides down an inclined right angled trough. If the

coefficient of friction between block and the trough is p ; , acceleration of the

block down the plane is

(a) g(sin O + s/ip ¢ cos8)

(b) g(sin®+p, cosB) ]
c)g (sine—ﬁu, cos 0)

(d)g (sin®-p, cosB)
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11 slipping first start?
48. If force F is increasing with time and at /=0, F =0, where will slipping

p=05
% u=03
“ p=01

F

(a) between 3 kg and 2 kg
(b) between 2 kg and 1 kg
(c) between 1 kg and ground
(d) Both (a) and (b) :

49. A plank of mass 2kg and length 1 m is placed on horizontal ﬂo‘?‘ : A small bIOCkl:i:]aSZ ltl.l( E13p lz(a)ced .
top of the plank, at its right extreme end. The coefficient of friction bet\.)veen p ;l;k 0(;: 18 .5 and
that between plank and block is 0.2. If a horizontal force = 30N starts acting on the plank to the right, the

time after which the block will fall off the plank is
(g=10ms2)

4
(a)(%)s ‘ (155 : (€)0.75s (d)[E)S

Passage 1 (Q. No. 50 to 54)

A man wants to slide down a block of mass m which is kept on a fixed inclined plane of inclination 30° as
shown in the figure. Initially the block is not sliding.

following questions. >
50. What is the value of F?
Mg b) Z& mg3 it

23

51. What is the value of p , the coefficient of static friction?

4 2 3
(@) —= (b) == N 1
W5 g 935 Bes
52. If the man continues pushing the block by force F, its acceleration would be
@& OF © & g
6 4 . ) @

53. Ifthe man wants to move the block up the incline

mg g/
(a)=mg (b == c) —£ 2
5 (©) s (d)%
54. Whazt minimum force is required to move it up the incline with constant speed?
2 b -m_g 7m ced’?
(@) me )= (C)Tg @>3me

6
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Passage 2 (Q. No. 55 to 56)

A lift with a mass 1200 kg is raised from rest by a cable with a tension 1350 g newton. After some time

the tension drops to 1000 g Newton and the lift comes to rest at a height of 25 m above its initial point.
(1 g newton =98N)

55. What is the height at which the tension changes?

(2)10.8m (b) 12.5m (c) 143 m (d) 16 m
56. What is greatest speed of lift?
(a) 9.8 ms™ (b) 7.5 ms™! (c)5.92ms™ (d) None of these
Passage 3 (Q. No. 57 to 58) ;
Blocks 4 and B shown in the figure are connected with a bar of negligible weight.
A and B each has mass 170 kg, the coefficient of friction between 4 and the plane A :
is 0.2 and that between B and the plane is 0.4 (g = 10 ms 2) 8m
]
) y

57. What is the total force of friction between the blocks and the plane?

(a) 900 N (b) 700 N (c) 600 N (d) 300 N
58. What is the force acting on the connecting bar?
(a) 150N (b) 100 N (¢c) 75N (d) 125N

More than One Correct Options

1. Two blocks each of mass 1 kg are placed as shown. They are connected bya
string which passes over a smooth (massless) pulley.

There is no friction between m, and the ground. The coefficient of friction
between m; and m, is 0.2. A force F is applied to m,. Which of the
following statements is/are correct :

(a) The system will be in equilibrium if F <4 N

(b) If F >4 N tension in the string will be 4 N

(c) If F >4 N the frictional force between the blocks will be 2 N

(d) If F =6N tension in the string will be 3 N

2. Two particles 4 and B, each of mass mare kept stationary by applying a horizontal force F = mg on
particle B as shown in figure. Then

(a) tanP =2tanc (b) 2T, =5T, © V2T, =5T, (d) None of these
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3.

A
. ooden
The velocity-time graph of the figure shows e m(:l:? ;O i?) :;ong a g
block of mass 1 kg which is given an initial pus =
horizontal table. is 0.1 ()
(a) The coefficient of friction between the block and 36 :E:: ;s 0.2 £
(b) The coefficient of friction between the block and e taken by the >
(c) If the table was half of its present roughness, the time

block to complete the journey is 4 s )
(d) If the table wl;s half o} its present roughness, the time taken by the
block to complete the journey is 8 s £
A block B of mass 0.6 kg slides down the smooth face PR of a wedge ’;1(1’
mass 1.7 kg which can move freely on a smooth horizontal surface. The
inclination of the face PR to the horizontal is 45°. Then

(a) the acceleration of 4 is 3_g

(b) the vertical component of the acceleration of B is 23 ;_g(_)
(c) the horizontal component of the acceleration of B is 172‘%
(d) the acceleration of 4 is %

As shown in the figure, 4 is a man of mass 60kg standing on a block of mass
40 kg kept on ground. The coefficient of friction between the feet of the man
and the block is 0.3 and that between B and the ground is 0.2. If the person
pulls the string with 125 N force, then

(a) B will slide on ground

(b) 4 and B will move with acceleration 0.5 ms 2

(c) the force of friction acting between A and B will be 40 N
(d) the force of friction acting between 4 and B will be 180 N

In the figure shown 4 and B are free to move. All the surfaces are smooth. Mass
of A is m. Then

(a) the acceleration of 4 will be more than g sin 6
(b) the acceleration of 4 will be less than g sin 6

(c) normal reaction on A due to B will be more than mgcos 0
(d) normal reaction on 4 due to B will be less than mg cos O
M, =3kg, Mz =4 kg,dand M. =8kg. 1 between any two surfaces is (.25
Pulley is frictionless and string is massless. 4 is connected to w. ko
massless rigid rod. all through a
(a) the value of F to keep C moving with constant speed is 80 N

(b) the value of F to keep C moving with constant speed is 120 N

(¢) if F is 200 N then acceleration of B is 10 ms 2 '
(d) to slide C towards left, F should be at least 50 N. (take g

A man pulls a block of mass equal to himse|f
man and the floor is greater than that between th
(a) if the block does not move, then the man o thesile

also does not
(b) the block can move even when the man is Stationary move

-2

=10ms %)

with a light string. The coefficient of friction between ¥
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11.

12.

13.

1kg ;
with constant acceleration a = 5 ms 2. Let N be the normal reaction between 0
the block and the wedge. Then (g =10ms ) aepfis
(@) N =5V5N (b) N =15N
(c)tan6=% (d)tan6 =2

CHAPTER 5 Laws of Metion 245

(c) if both move then the acceleration of the block is greater than the accéleration of man
(d) if both move then the acceleration of man is greater than the acceleration of block

A block of mass 1 kg is at rest relative to a smooth wedge moving leftwards

For the given situation shown in figure, choose the correct options, _
=9 ‘ Hs =

(g=10ms™) o

(a) at 7 =1s, force of friction between 2 kg and 4 kg is 2N

(b) At 1 =1s, force of friction between 2 kg and 4 kg is zero

(c) at =4 s force of friction between 4 kg and ground is 8 N

(d) At 1 =15s acceleration of 2kg is 1 ms ™

In the figure shown, all the strings .are massless and friction is absent everywhere.
Choose the correct options.

@T>T;
T2
®T;>T, 1kg
2
©7T,>T, T, r (s
@7, >T; 2 B8 Bl

Force acting on a block versus time graph is as shown in figure. Choose the correct options.
(g=10ms™?)
' F(N)

T i
i p=03
i
10 (s)
(a) Atr=2s, force of friction is 2N (b) Att=8s, force of friction is 6 N

(c) Att=10s, acceleration of block is 2 ms™ (d) Atr=12s, velocity of block is 8 ms™"

For the situation shown in figure, mark the correct options.
p=04 )

(a) At =3s, pseudo force on 4 kg when applied from 2 kg is 4 N in forward direction
(b) At 7 =3, pseudo force on 2 kg when applied from 4 kg is 2 N in backward direction
() Pseudo force does not make an equal and opposite pairs

(d) Pseudo force also makes a pair of equal and opposite forces.
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14. For the situation shown in figure, mark the correct options.

(a) Angle of friction is tan ™' (i)
(b) Angle of repose is tan ' () Kk
(¢) At =tan™" (), minimum force will be required to move the bloc

. g
(d) Minimum froce required to move the block is uM

,/l+u2'

Match the Columns
1. F
Hs mk

a (m/sz)

]

1
! —
t(s) 4 t(s)

Force acting on a block versus time and acceleration versus time

graph are as shown in figure. Taking
value of g =10ms 2, match the following two columns.

ColumnI oy Column II
(a) Coefficient of static friction (p) 02
(b) Coefficient of kinetic friction (@ 03
(c) Force of frictionat £ =0, 1 s r 04

(d) Value of %, where a is (s) 05

acceleration of block at t = § ¢

2. Angle 8is gradually increased as shown in figure. For the

| given situation match
the following two columns. (g =10 ms )
s ot T T

(@) Force of friction when 6 = ° (P) 10N o

(b) Force of friction when 6 =9¢° @ 10/3N

() Force of friction when § = 30° (r) LS N

. . ﬁ
(d) Force of friction when 6 = ge (s) None

L\
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3. Match the following two columns regarding fundamental forces of nature.

Columnl Column II
(a) Force of friction (p) field force
(b) Normal reaction (qQ) contact force

(c) Force between two neutrons |(r) electromagnetic force
(d) Force between two protons  |(s) nuclear force

4. In the figure shown, match the following two columns. (g =10ms )

5 m/s?
s
1|0N Hs =04
) T Mk =0.3
F
) Column I Column IT
(a) Normal reactoin () SN
(b) Force of friction when F = 15N (@ 10N

(c) Minimum value of F for stopping the [(r) 15N
block moving down

(d) Minimum value of F for stopping the [(s) None
block moving up

5. There is no friction between blocks B and C. But ground in rough. Pulleys are smooth and massless and
strings are light. For F =10N, whole system remains stationary. Match the following two columns.

(mg =m¢ =1lkgandg =10ms~?)

Py Pa
B
Smooth
Py . C Py
A F
Column I Column II

(a) Force of friction between 4 and ground (p) ION
(b) Force of friction between C and ground (qQ) 20N
(c) Normal reaction on C from ground (r) 5N

(d) Tension in string between P, and P, (s) None
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6. Match Column I with Column IL.
Note Applied force is parallel to plane.

Column I Column II
(a) If friction force is less than applied  |(p) Static
force then friction may be

(b) If friction force is equal to the force  [(q) Kinetic
applied, then friction may be

(c) If object is moving, then friction is (r) Limiting
(d) If object is at rest, then friction may be|(s) No conclusion can
be drawn

7. For the situation shown in figure, in Column I, the statements regarding ~ * =02 E
friction forces are mentioned, while in Column II some information H*= 0.1

: ; F=100N
related to friction forces are given. Match the entries of ColumnI withthe ~ p=0.1 E
entries of Column II (Take g =10ms 2

smooth

Column I Column IT

(a) Total friction force on 3 kg block is (p) Towards right
(b) Total friction force on 5 kg block is (q) Towards left

(c) Friction force on 2 kg block due to 3 kg [(r) Zero
block is

(d) Friction force on 3 kg block due to 5 kg {(s) Non-zero
block is

8. If the system is released from rest, then match the following columns.

2kg
)
Column I Column II
(@) Acceleration of 2 kg mass (p) 2 Sl unit
(b) Acceleration of 3 kg mass (q) S Sl unit
(c) Tension in the string connecting 2 kg |(r) Zero
mass

@ .f.ri_c}iﬂ'_’ﬂ.@_r_‘?_e,’_f{"‘__z kg mass (s) None of these

Subjective Questions
1. A small marble is
45° from the y-dj

the magnitude

(Level 2)

projected with a velocity of 10 m/s in a direction
rection on the smo.

- : oth inclined plane. Calculate
of its velocity afler 25, (Take g =10m/s?)




CHAPTER 5 Laws of Motion 249

2. Determine the acceleration of the 5 kg block 4. Neglect the mass of the pulley and cords. The block B has

a mass of LO kg. The coefficient of kinetic friction between block B and the surface isp, =0.1.(Take
g=10m/s )

3. A 30 kg mass is initially at rest on the floor of a truck. The coefficient of static friction between the
mass and the floor of truck in 0.3 and coefficient of kinetic friction is 0.2. Initially the truck is
travelling due east at constant speed. Find the magnitude and direction of the friction force acting on
the mass, if : (Take g =10m/s?)

(a) The truck accelerates at 1.8 m/s” eastward,
(b) The truck accelerates at 3.8 m/s 2 westward.

4. A 6 kg block B rests as shown on the upper surface of a 15 kg wedge A. Neglecting friction,
determine immediately after the system is released from rest (a) the acceleration of 4,
(b) the acceleration of B relative to 4. (Take g = 10m/s?)

6 kg

5. In the arrangement shown in the figure, the rod of mass m held by two smooth walls, remains always
perpendicular to the surface of the wedge of mass M. Assuming all the surfaces are frictionless, find the
acceleration of the rod and that of the wedge.

6. At the bottom edge of a smooth vertical wall, an inclined plane is kept at an angle of 45°. A uniform
ladder of length / and mass M rests on the inclined plane against the wall such that it is perpendicular to
the incline.
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10.

; 11.

Mechanics-I.

(a) Ifthe plane is also smooth, which way will the ladder slide. : .
(b) What is the minimum coefficient of friction necessary so that the ladder does not slip on the incline)

A plank of mass M is placed on a rough horizontal surface and a -

constant horizontal force F is applied on it. A man of mass m runs

on the plank. Find the accelerations of the man so that the plank

does not move on the surface. Coefficient of friction between the F
plank and the surface is p. Assume that the man does not slip on the

plank.

Find the acceleration of the two masses as shown in figure. The pulleys are light and frictionless and
strings are light and inextensible.

M ’m\

The upper portion of an inclined plane of inclination o is smooth and the lower portion is rough. A
particle slides down from rest from the top and just comes to rest at the foot. If the ratio of smooth length
to rough length is m: n, find the coefficient of friction.

Block B rests on a smooth surface. If the coefficient of static friction between A and B is p =04
Determine the acceleration of each, if :

(@) F =30N and
(b) F =250N. (g=10m/s?)
Block B has a mass m and is rele:

of wedge 4, which has a mass 3
CD while B is sliding down 4

ased from rest when it is on top
m. Determine the tension in cord
- Neglect friction,




12. Coefficients of friction between the flat bed of the truck and
crate are p, =0.8 and p, =0.7. The coefficient of kinetic
friction between the truck tires and the road surface is 0.9, If
the truck stops from an initial speed of 15 m/s with maximum
braking (wheels skidding). Determine where on the bed the
crate finally comes to rest. (Take g =10m/s?)
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13. The 10 kg block is moving to the left with a speed of 1.2 m/s at time ¢ = 0. A force Fis applied as shown in
the graph. After 0.2 s the force continues at the 10 N level. If the coefYicient of kinetic frictionisp , =0.2.
Determine the time 7 at which the block comes to a stop. (g = 10m/s?)

F(N)
20

10 f-enneed —

0.

Vo =1.2m/s
o

: _E_.-
0 L_.*,
o t(s)

14. The 10 kg block is resting on the horizontal surface when the force F is applied to it for 7 s. The variation
of F with time is shown. Calculate the maximum velocity reached by the block and the total time 7 during
which the block is in motion. The coefficients of static and kinetic friction are both 0.50. (g = 9.8m/s 2 )

F(N)

100 [----

!
1
|
40 |- —f -
1F : :
] |
1 1

1(s)

15. Ifblock 4 of the pulley system is moving downward with a speed of 1 m/s while block C is moving up at

0.5 m/s, determine the speed of block B.

16. The collar 4 is free to slide along the smooth shaft B mounteq in the
frame. The plane of the frame is vertical. Determine the horizontal
acceleration a of the frame necessary to maintain the collar in a fixed

position on the shaft. (g =9.8m/s?)
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17.

18.

19.

20.

21.

22.

In the adjoining figure all surfaces are frictionless. What force F must by applied to M, to keep s 3 free
from rising or falling?

The conveyor belt is designed to transport packages of var ious weight§. Each 10 kg Package has 3
coefficient of kinetic friction p, =0.15.If the speed of the conveyor belt is 5 m/s, and 2then it suddeny
stops, determine the distance the package will slide before coming to rest. (g=98m/s*)

In figure, a crate slides down an inclined right-angled trough. The coefficient of kinetic friction between
the crate and the trough is pu , . What is the acceleration of the crate in terms of p, ,6 and g ?

A heavy chain with a mass per unit length p is pulled by the constant force F along a horizontal surface
consisting of a smooth section and a rough section.

The chain is initially at rest on the rough surface with x i —L {
= 0. If the coefficient of kinetic friction between the F
chain and the rough surface is p,, determine the -
velocity v of the chain when x = L. The force F is

greater than p , pgL in order to initiate the motion.

Rough

A package is at rest on a conveyor belt which is initially at rest. The belt is started and moves to the right

for 1.3 s with a constant acceleration of 2 m/s. The belt then moves with a constant deceleration a, and
comes to a stop after a total displacement 0f2.2 m. Knowing that

the coefficients of friction between the package and the belt are

Hs=0.35 and p, = 0.25, determine (a) the deceleration a. of the OO = o= =0 =0=3
belt, (b) the displacement of the package relative to thczbelt s 2@:@:@):@:@:@,—
the belt comes to a stop. (g =9.8m/s? )

Determine the normal force the 10 k.
acceleration of a=2 m/?

(g=10 mis?)

8 crate 4 exerts on the smooth cart B, if the cart is given 8
down the plane. Also, find the acceleration of the crate. Set 6=30"




23. A small block of mass m is projected on a larger block of mass
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10 m and length [ with a velocity v as shown in the figure. The
coefficient of friction between the two blocks is p, while that
between the lower block and the ground is p,. Given that
po >1lp,.

(a) Find the minimum value of v, such that the mass m falls off the block of mass 10 m.
(b) If v has this minimum value, find the time taken by block m to do so.

A particle of mass m and velocity v, in positive y direction is projected on to a belt that is moving with
uniform velocity v, in x-direction as shown in figure. Coefficient of friction between particle and belt is
p. Assuming that the particle first touches the belt at the origin of fixed x-y co-ordinate system and
remains on the belt, find the co-ordinates (x, y) of the point where sliding stops.

Y

Ve
Belt 2.

(0]

g

25. In the shown arrangement, both pulleys and the string are massless and all the surfaces are frictionless.
Find the acceleration of the wedge.

26.

27.

The figure shows an L shaped body of mass M placed on smooth
horizontal surface. The block 4 is connected to the body by means of
an inextensible string, which is passing over a smooth pulley. of
negligible mass. Another block B of mass m is placed against a vertical
wall of the body. Find the minimum value of the mass of blogk A so
that block B remains stationary relative to the wall. Coefficient of
friction between the block B and the vertical wall iS .
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ANswers Il

Introductory Exercise 5.1
* _ F3,=—-6N,F, =0
4. F=2/3N,Fx=-2N,Fx=0,Fx=4N,Fy=2NFp, =23 ';'n'g"”g *
5. w 6. %w 7. F =1016 newton, N = 24 newton 8. 2'2
Introductory Exercise 5.2 5
g o
1 @10ms? () 110N () 20N  2.zero 3.5 4. 30° 10N
5. tan“’(%) 57N 6.4N,6N
Introductory Exercise 5.3
1 10
1. 3kg 2.4 3.35 4. 3 ms
Introductory Exercise 5.4
2g 410 g M 12,2
1. (a) 3 (b)?N 2. (a) ' 3.48kg 4. 35 N, 5 ms
Introductory Exercise 5.5

1. 683kg 2. (a) x=xp+ 10t - 25t2,v=10-5t (b) t=4s

3. (@) x=x0-25t%,z=20+10t,v, =~ 5t,v,= 10ms™ (b) x=xp,2= 25+ 10t, v, = 0, v, = 10 ms™!
4. x=xo+ 10t - 4t%,V =10 - 8tfor 0 < t < 1.25s object stops att = 1.25s and remains at rest relative to car.
9
5. 25 mg
AIEEE Corner
Subjective Questions Level 1
No
1. Ny
A
M c N,
Ns =g
A W,
FBD of sphere FBD of rod

@) (i)

In the figure :
N, = normal reaction between sphere ang wall,
N, = normal reaction between sphere and ground
N; = normal reaction between sphere and rog and
N4 = normal reaction between rod and ground

= force of friction between rogd and ground
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Fv

w
FBD of rod
In the figure :
T = tension in the string, W = weight of the rod, F, = vertical force exerted by hinge on the rod
Fy = horizontal force exerted by hinge on the rod
3. f

FBD of the rod

In the figure :
N, = Normal reaction at B, £ = force of friction at B, N,= normal reaction at A, % = force of friction at A
W = weight of the rod.

1000 500

@F=F=30ZN () w=30V2ZN 5. N="7=NN="=N 630N 7. 5cm

»

(2) 268N (b) 268N (c) 100N 9. (a) % N (b) % N
. (@) 3ms? (b) 18N, 12N,30N (c) 70N  11.(a) 10N,30N (b) 24N  12.(a) 20N (b) 50 N
. (@) 269 ms2 (b) 137.5N (c) 1125N 14, (a) move up (b) constant (c) constant (d) stop
¥=-33, 16.5,+23+a=0 17.3,=3sin6  18. 1 ms~ (upwards)
4ms? 24N,42N, 14N - 120
(@)a= % ms?, s, = % ms~2 (downwards), 3 = m ms~? (downwards) (b) T,=T, = — N

-g(up the plane) 22. SN  23. -3- g (downwards), g(upwards)

(3) zero, 20N (b) 6ms?, 8N (c)%ms'z,w 25.(a) 2s (b) 6m

@ 1s (b) 6ms™ (c) 4 m, 7 m (both towards right)
@ % S (b) 4ms™ (c) 12.83 m (towards left), 0.58 m (towards left)

XL P BEEES »

4ms? (downwards), 12 N (upwards) 29, a=0fort <8y a=t-8fort28s
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a(rn/sz)
45° t(s)
8
30. a=0fort<9s, a=(§t—4)fort295
a(m/sz)
2p----- '
: —1(s
5 (s)

31. ()34 N (b)4ON (c)88N

Objective Questions (Level 1)

1. (b) 2. (b) 3.(d) 4 () 5. (d) 6. (c) 7. (b)
11.(b) 12.(a) 13.(a) 14.(a) 15.(b) 16.(a) 17.(a)
21. (c) 22.(a) 23.(d) 24.(c) 25.(d) 26.(d) 27.()
31. (a)

JEE Corner

Assertion and Reason
1. (d) 2. (a) 3. (a) 4. (b) 5. (d) 6. (b) 7. (b)
11. (d)

Objective Questions (Level 2)

1. (o) 2. (b) 3. (b) 4. (d) 5. (c) 6. (a) 7. ()
11. (a) 12. (c) 13. (a) 14. (b) 15. (¢) 16. () 17. (b)
21 2. 2.0 24 25.() 26.(a) 27 ()
3@ 2@ 8O WA B.(b) 36() 37
a.() 2. 4. M@ 450 46 (b 47. D
51.() 52.() 53.() 54.() 55.() 56.(c) 57, (a

More than One Correct Options
1. (a,c.d) 2. (a,c) 3. (a,d) 4. (bc)
8. (a,b,c) 9. (a,c) 10. (b,c,d)  11. (b,c,d)
Match the Columns
1. (@)= (b)>(q) (©)- (p) @) (s)
2. @ 6) ®(5) ()(p) (d)— ®

5. (a,b)
12, (all)

8. (b)
18. (a)
28. (a)

8. (d)

8. (¢)
18. (d)
28. (¢)
38. (d)
48. (c)
58. (a)

6. (a,c)
13. (b,c)

. (a)
19.
29.

(b)
()

. (d)

. (b)
19.
29.
39.
49.

(d)
(b)
(b)
(@

10. (c)
20. (b)
30. (b)

10. (b)

10. (d)
20. (b)
30. (b)
40. (d)
50. (b)

7. (a.c)
14. (al)
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@->@n d->@n ©->(@Es) (d)->(s)
@-(@6) ®-=PE ©-=6) d-(s)
@->@ ®->6) ©->@ (@->(P
@-@ ®->0En ©->@ @->(@CEr
(@) - (a,s) (B> (ps) (©)->(p,s) (d)-(q.s)
@->m -0 ©->6) W@

®NO LA w

Subjective Questions (Level 2)
1. 10ms?! 2. 2ms? 3. (a) 54 N (due east) (b) 60 N (due west) 4. (2) 6.36 ms (b)5.5ms™

33
mg cosa Sina mg cos a F uM+ m)g F uM+ m)g
<as—+ —mm—

. 1
5. y 6. (a) Clockwise (b)= 7. —-——7— =
msina + msina + M 3 m m m m

n
)tanu

5m-M m+
8. m—[m)g-(upwardS)afSaM 9-u=[ 5

10. (a)a, = a = 0857m/s? (b)a,=21m/s?, a=16m/s® 1L % sin20  12.2.77m

13. t=-033s 14.52m/s,555s 15.zero  16. 5.66 m/s?  17. A_A:i (My+ My + M3)g

18. 85m  19. g(sin@ - v2u,cos8)  20. /% ~jiyhl

22(pp - w8l 201
2 ) 290N,1m/s?2  23. (3) Vmin =y ——————— -
21. (a)6.63m/s? (b)0.33m, 2 9 m/s (@) Vimin T (b) t TIPS
v+ vE vV +v3 2mymyg
24, x=V—F—— ¥Y=—5 - 25.
2pg 2pg (my + my) (M + M) + mymy
13 397 3 M+m
26. 8m=§4'g,32m=—378:33m='178 27. my = a1 butp >1



